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Abkürzungsverzeichnis
3T3 Murine Fibroblasten-Zelllinie, etabliert 1963 [1, 121]
3T3-F442A Murine Präadipozyten-Zelllinie, etabliert 1976 [43]
3T3-L1 Murine Präadipozyten-Zelllinie, etabliert 1974 [44]
BALB/c Labormauslinie, etabliert 1913 [103]
C57BL/6J Labormauslinie, etabliert 1921 [56]
BMI Body-mass-index 1
CD Cluster of differentiation
CDNA Complementary desoxyribonucleic acid
ChemR Chemerin-Rezeptor
CRP C-reactive protein
HDL High density lipoprotein
HsCRP High-sensitivity C-reactive protein
IL Interleukin
LPS Lipopolysaccharid
MCP Monocyte chemoattractant protein
MMP Matrix metalloproteinase
MRNA Messenger ribonucleic acid
RBP Retinol-binding protein
SAA Serum amyloid A
TIMP Tissue inhibitor of metalloproteinase
TNF Tumor necrosis factor
WHO World Health Organization, Weltgesundheitsorganisation
1Alle original englischen Fachbegriffe werden im Folgenden kursiv dargestellt
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Referat:
Adipositas und ihre Folgeerkrankungen stellen eine wachsende medizinische Herausforde-
rung globalen Ausmaßes dar. Im Rahmen der Adipositasforschung wurde das Fettgewebe
als endokrines Organ identifiziert. Von ihm sezernierte Proteine, die sogenannten Adipo-
kine, beeinflussen maßgeblich Insulinresistenz und Gefäßverletzbarkeit. Adipositas geht im
Fettgewebe mit einer subklinischen chronischen Entzündung einher, die zu einer erhöhten
Sekretion von proinflammatorischen Adipokinen führt. Die verstärkte Anwesenheit dieser
Proteine ist mit den Komplikationen der Adipositas assoziiert. Die vorliegende Arbeit be-
fasst sich mit dem Einfluss von Interleukin (IL)-1β, einem wichtigen Entzündungsmediator
des Organismus, auf die Sekretion der proinflammatorischen Adipokine tissue inhibitor of
metalloproteinase (TIMP)-1, serum amyloid A (SAA)-3, Lipocalin-2 und Chemerin.
Die zugrundeliegenden Untersuchungen wurden mit 3T3-L1- und braunen Adipozyten durch-
geführt. Es erfolgte der Nachweis auf mRNA- sowie auf Proteinebene. Der Einsatz von spe-
zifischen Inhibitoren erlaubte den Rückschluss auf grundlegende Signalwege.
Für alle vier untersuchten Adipokine konnte eine signifikante dosis- und zeitabhängige Steige-
rung der mRNA- und Proteinexpression durch IL-1β nachgewiesen werden. Die Transduktion
des IL-1β-Signals erfolgte im Falle von Lipocalin-2 und SAA-3 über nuclear factor (NF)-κB
und janus kinase (Jak)-2, bei TIMP-1 lediglich über Jak-2 und in Bezug auf Chemerin über
NFκB, Jak-2, p44/42 mitogen-activated protein kinase und Phosphatidylinositol-3-Kinase.
Die in dieser Arbeit nachgewiesenen Expressions- und Sekretionssteigerungen von TIMP-1,
SAA-3, Lipocalin-2 und Chemerin in braunen und weißen Adipozyten festigen IL-1β als einen
entscheidenden Mediator proinflammatorischer Prozesse im Fettgewebe. Eine umfassende
Bewertung der Funktion von IL-1β im Fettgewebe, insbesondere im Zustand der Adipositas,
muss jedoch in weitergehenden Studien erfolgen.
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1.1 Adipositas und das Fettgewebe
1.1.1 Adipositas als globale Herausforderung
Adipositas und die damit assoziierten Folgeerkrankungen gelten als eine der größten gesund-
heitspolitischen Herausforderungen der kommenden Jahre. Nach Definition der Weltgesund-
heitsorganisation WHO besteht Übergewicht ab einem body-mass-index (BMI) ≥ 25 kg/m2
[132]. Danach ergibt sich in den Vereinigten Staaten von Amerika (USA) ein Anteil von
68,0%, in Deutschland von 51% der Bevölkerung mit Übergewicht [14, 36]. Innerhalb dieses
Bevölkerungsanteils gelten 49,7% in den USA und 29,4% in Deutschland als adipös, haben
demnach einen BMI ≥ 30 kg/m2 [14, 36].
Diese Entwicklung betrifft nicht nur westliche Industriestaaten, sondern zunehmend auch
andere Länder [63]. Als besonders ernst zunehmendes globales Problem muss die vermehrte
Fettleibigkeit von Kindern und Jugendlichen genannt werden. Die Anteile übergewichtiger
Kinder an der Gesamtkinderzahl sind regional aber sehr unterschiedlich [63]. Es wird je-
doch erwartet, dass sich die jeweilige Rate in einem Zeitraum von etwa 10 Jahren seit 2003
verdoppelt haben wird [63].
1.1.2 Komplikationen der Adipositas
Bedeutet Fettleibigkeit alleine schon eine krankheitswürdige Einschränkung, sind die mit
ihr assoziierten Folgeerkrankungen ein weit umfassenderes Problem. Adipöse Patienten ha-
ben ein erhöhtes Risiko an Diabetes mellitus Typ 2 zu erkranken. Sie leiden vermehrt an
Bluthochdruck und unter den Folgen von atherosklerotischen Erkrankungen [53, 59]. Adi-
positas prädisponiert für die Entwicklung einer nicht-alkoholischen Fettleber [77] und einer
chronischen Niereninsuffizienz [133]. Auch ist sie als Risikofaktor für viele neoplastische Er-
krankungen anzusehen [15]. Unabhängig davon erhöht eine Adipositas die Wahrscheinlichkeit
an einer Depression zu erkranken [29].
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1.1.3 Vom Energiespeicher zum endokrinen Organ
Das vermehrte Auftreten von Adipositas und den damit verbundenen Folgeerkrankungen
zog in den vergangenen drei Jahrzehnten eine rege Forschungstätigkeit nach sich. Dabei
stehen sowohl die Ursachen der Gewichtszunahme weiter Bevölkerungsteile als auch davon
ausgehend Fragen zu den biologischen Grundlagen des Fettgewebes im Mittelpunkt.
Patienten mit einer viszeralen Adipositas leiden häufiger und gravierender an den oben ge-
nannten Komplikationen als Patienten mit subkutaner Adipositas [60]. Fettdepots unter-
schiedlicher anatomischer Regionen unterscheiden sich in ihren biologischen Eigenschaften
[60]. Das viszerale Fettgewebe ist das metabolisch aktivere Gewebe. Es unterliegt im Gegen-
satz zum subkutanen Fettgewebe stärker dem Einfluss von Katecholaminen und ist damit
eher in die schnelle Bereitstellung hochenergetischer Substrate eingebunden [46]. Das gesam-
te Fettgewebe ist aber nicht nur externen Regulationsmechanismen unterworfen, sondern
beeinflusst auch aktiv andere Gewebe. Mit dem Nachweis von Leptin, einem allein von Fett-
gewebe sezernierten Hormon [140], wurde die Grundlage für den Perspektivwechsel gelegt.
Das Fettgewebe wurde zum endokrin wirksamen Organ.
1.2 Adipokine
Mit dem Nachweis von Leptin begann die Suche nach weiteren vom Fett sezernierten Prote-
inen, den sogenannten Adipokinen. Adipokine haben sowohl parakrine als auch endokri-
ne Wirkungen. Ihnen wird eine Beeinflussung der Insulinsensitivität peripherer Gewebe
zugeschrieben. Sie werden mit der Entstehung atherosklerotischer Plaques in Verbindung
gebracht. Dabei wird unterschieden zwischen insulinsensitivierenden Adipokinen, wie Adi-
ponectin [99], Interleukin (IL)-10 [58, 75], und Insulinresistenz vermittelnden Adipokinen,
wie beispielsweise tumor necrosis factor (TNF)-α [50], IL-1 [70], und -6 [89], retinol-binding
protein (RBP)-4 [137], tissue inhibitor of metalloproteinase (TIMP)-1 [64], serum amyloid A
(SAA)-3 [74], Lipocalin-2 [74] und Chemerin [42].
Im Folgenden sollen TNF-α als Beispiel für ein proinflammatorisches Adipokin und Adi-
ponectin als Vertreter der anti-inflammatorischen Adipokine vorgestellt werden. Danach wird
auf die in dieser Arbeit im Mittelpunkt stehenden Adipokine IL-1 beta (IL-1β), TIMP-1,
SAA-3, Lipocalin-2 und Chemerin näher eingegangen. Alle getroffenen Aussagen beziehen
sich, wenn nicht anders kenntlich gemacht, auf den Kenntnisstand zu Beginn der vorliegenden
Arbeit im Jahre 2008.
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TNF-α fungiert als ein maßgeblicher Entzündungsmediator des Organismus. Hotamisligil
und Mitarbeiter wiesen bereits 1993 in Mäusen nach, dass TNF-α nicht nur auf Adi-
pozyten wirkt, sondern von diesen auch sezerniert wird [50]. Interessanterweise zeigen
sich in unterschiedlichen adipösen Mausmodellen sowohl lokal im Fettgewebe als auch
systemisch erhöhte TNF-α-Spiegel [50]. Eine Neutralisierung des erhöhten TNF-α mit-
tels Antikörpern verbessert überraschenderweise die periphere Insulinsensitivität [50].
Das legt den Schluss nahe, dass Adipositas für das Fettgewebe eine Art subklinische
Entzündung bedeutet. Diese Hypothese wird durch Beobachtungen untermauert, die
eine Infiltration adipösen Fettgewebes mit Makrophagen zeigen [128]. TNF-α induziert
die Expression und Sekretion von IL-6 aus Adipozyten [34]. IL-6 wiederum induziert
monocyte-chemoattractant protein (MCP)-1, einen maßgeblichen Mediator der Ma-
krophageninfiltration des Fettgewebes [33]. Somit ist TNF-α als ein entscheidender
Mediator der Inflammation des Fettgewebes anzusehen.
Adiponectin , als Vertreter anti-inflammatorischer Adipokine, wird nahezu ausschließlich
im Fettgewebe produziert [108]. Es wird durch Insulin induziert [108]. Adiponectin
unterbindet die TNF-α-vermittelte Entzündungsreaktion des Endothels und verhindert
somit die Einwanderung von Immunzellen in das Gewebe [99].
Ein Knockout von Adiponectin in Mäusen führt zu einer verspäteten Aufnahme von
freien Fettsäuren in das umliegende Gewebe [78]. Unter einer regulären Diät zeigen
sich keine Unterschiede bezüglich der Insulinsensitivität im Vergleich zu Kontrolltieren
[78]. Werden die Mäuse allerdings mit hochkalorischer Nahrung gefüttert, so entwickeln
die Knockout-Tiere eine schwerere Insulinresistenz [78]. Adiponectin-defiziente Mäuse
neigen außerdem nach mechanischer Verletzung des Endothels zu Gefäßstenosen durch
Neointimabildung und Proliferation der glatten Muskulatur der Media [85]. Dies könnte
einen weiteren Mechanismus für die bei Adipositas häufiger vorkommende koronare
Herzerkrankung bedeuten.
Schlanke Patienten weisen einen hohen Serumspiegel von Adiponectin auf [3, 52]. In
adipösen Patienten dagegen ist Adiponectin nur in geringen Konzentrationen zu finden
[3, 52]. Ein verringerter Serumspiegel bei diabetischen Patienten mit koronararterieller
Erkrankung lässt eine vasoprotektive anti-inflammatorische Wirkung des Adiponectins
vermuten [51].
1.2.1 IL-1β
Das Zytokin IL-1β fungiert als das maßgebliche endogene Pyrogen des Körpers. Van Damme
und Mitarbeiter beobachteten, dass die Injektion von hochgereinigtem IL-1β in Versuchstiere
einen vergleichbaren Fieberanstieg nach sich zog wie die Applikation von LPS als bekanntem
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exogenen Pyrogen [124]. IL-1β wird hauptsächlich durch Zellen des mononukleären Phagozy-
tosesystems sezerniert [82]. Seine fieberinduzierende Wirkung beruht auf einer zentralen Rei-
zung im Bereich des Hypothalamus und einer darauffolgenden Sekretion von Kortikoliberin
[106]. Neben dieser Wirkung auf die Körperkerntemperatur, nimmt IL-1β auf eine Vielzahl
weiterer physiologischer und pathophysiologischer Prozesse im Organismus Einfluss. IL-1β
vermittelt eine Schockreaktion [9], hat zentralnervös Einfluss auf den Schlafzyklus [79, 113]
und hemmt den Appetit [35]. Im Rahmen einer Entzündung stimuliert IL-1β die Neubildung
neutrophiler Granulozyten [97, 141] und hemmt gleichzeitig die Erythropoiese [109]. Auch
Zellen des Immunsystems, wie CD4+-T-Zellen [80] und Natürliche Killer-Zellen [20] werden
durch IL-1β aktiviert, beziehungsweise kostimuliert . Die Migration dendritischer Zellen in
lympatisches Gewebe wird beschleunigt [118]. IL-1β ist essentiell für die systemische Antwort
auf eine lokale aseptische Entzündung [32].
Ein Zusammenhang zwischen dem Fettgewebe und IL-1β wurde erstmals mit der Beobach-
tung greifbar, dass adipöse Zucker-Ratten nach IL-1β-Applikation Fieber nicht in dem Maße
wie vergleichbare schlanke Ratten entwickeln [23]. Interessanterweise sezerniert das Fettge-
webe sogar IL-1β [139]. Sowohl Präadipozyten als auch reife Adipozyten schütten IL-1β als
Antwort auf eine Stimulation mit TNF-α aus [139].
Nicht nur das Fettgewebe beeinflusst IL-1β, sondern IL-1β wirkt auch direkt auf das Fett.
IL-1β stimuliert im Gegensatz zu IL1β die Glukoseaufnahme in Adipozyten in vitro und
verstärkt dabei sogar die Insulinwirkung [40]. IL-1β beschleunigt die Konfluenz von primären
Präadipozyten-Kulturen, verlangsamt aber deren Reifungsprozess zu Adipozyten [45]. Auch
Adipozyten des Knochenmarks reifen unter IL-1β-Einfluss nur unvollständig aus [25]. IL-1β
stimuliert die Lipolyse in diesen Zellen [26]. In isolierten Adipozyten ex vivo wird die Leptin-
Ausschüttung durch IL-1β gehemmt [13], während isolierte Präadipozyten mit einer starken
Leptinsekretion auf IL-1β reagieren [111], unabhängig davon ob reife Adipozyten anwesend
sind oder nicht [111]. IL-1β stimuliert die Expression des für die Umwandlung von Cortison
in das wirksame Cortisol notwendige Enzym 11β-Hydroxysteroid Dehydrogenase Typ 1 [122].
Diese Induktion ist spezifisch für Adipozyten und zeigt eine weitere mögliche Ursache für die
übermäßige Fettakkumulation bei Adipositas. In IL-1β-defizienten Mäusen zeigte sich, dass
IL-1β für gesteigerte Leptinspiegel im Rahmen systemischer Entzündungsreaktionen in vivo
essentiell ist [31]. Ohne IL-1β ist keine Hyperleptinämie zu beobachten [31].
IL-1β darf als proinflammatorisches Adipokin gelten, induziert es doch im Fettgewebe die
Expression und Sekretion der entzündungsfördernden Adipokine plasminogen activator in-
hibitor -1 [48], IL-6 [39] und Cathepsin S [120]. Gleichzeitig hemmt IL-1β die Ausschüttung
des antiinflammatorischen Adipokins Adiponectin [72]. Bemerkenswerterweise induziert aber
Adiponectin in Adipozyten eine IL-1β-Sekretion [71]. Ein weiteres Indiz, dass IL-1β für
die Komplikationen der Adipositas maßgeblich mitverantwortlich ist, bietet die Reaktion
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von murinen und humanen Adipozyten auf eine IL-1β-Langzeitstimulation. Sowohl differen-
zierende als auch reife Adipozyten zeigen in Gegenwart von IL-1β eine erhöhte Resistenz
gegenüber Insulin [70]. In den beta-Zellen des Pankreas hemmt IL-1β dazu noch die Insulin-
sekretion [107].
IL-1β ist demnach ein proinflammatorisches Adipokin mit vielfältigen Wirkungen auf die
unterschiedlichen Gewebe des Körpers. Bei Adipositas ist IL-1β an der Ausbildung und
Aufrechterhaltung einer subklinischen chronischen Entzündung des Fettgewebes beteiligt.
Es regt Adipozyten, Präadipozyten und andere Zellen im Gewebsverband dazu an, weitere
Entzündungsmediatoren zu sezernieren. Gleichzeitig vermittelt IL-1β in Adipozyten eine
Insulinresistenz. Zum Zeitpunkt des Beginns der vorliegenden Dissertation war unklar, ob
IL-1β auch neuere Adipokine wie TIMP-1, SAA-3, Lipocalin-2 oder Chemerin reguliert.
Diese Fragestellung wurde in der vorliegenden Promotionsarbeit untersucht.
1.2.2 TIMP-1
TIMP-1, auch erythroid potentiating activity [28], ist ein bifunktionales Protein. TIMP-1 ver-
eint eine irreversible inhibitorische Aktivität auf Matrixmetalloproteinasen (MMP) [28, 95]
und eine wachstumsstimulierende Wirkung auf erythroide Progenitorzellen des blutbilden-
den Systems [131] und andere Zellen mesenchymalen Ursprungs [47]. TIMP-1 ist ein Akute-
Phase-Protein [62] und wurde in zirrhotischen Lebern [8, 55] vermehrt nachgewiesen. Da
TIMP-1 den Abbau extrazellulärer Matrix hemmt, wird ihm eine entscheidende Rolle in der
Pathogenese der Leberzirrhose zugewiesen [54].
Im Fettgewebe wurde TIMP-1 von Johnson und Mitarbeitern beschrieben [57]. Sie fanden in
undifferenzierten Präadipozyten eine hohe Expressionrate von TIMP-1 [57]. Interessanterwei-
se waren in differenzierten Adipozyten niedrigere Expressionsraten von TIMP-1 festzustellen
[57]. Die TIMP-1-Expression wird demnach unter der Differenzierung von Präadipozyten in
reife Adipozyten abgeschwächt [57]. Dennoch sind sowohl reife 3T3-L1-Adipozyten als auch
braune Adipozyten in der Lage TIMP-1 nach Stimulation mit Isoproterenol, einem betaad-
renergen Agonisten, vermehrt zu exprimieren und zu sezernieren [66]. Auch IL-6 und TNF-α
sind nachgewiesene positive Regulatoren der TIMP-1-Ausschüttung aus reifen Adipozyten
[65]. Im Fettgewebe adipöser Mäuse finden sich erhöhte Spiegel von TIMP-1 [17, 81]. Diese
Steigerung ist allerdings hauptsächlich auf eine vermehrte Expression in der stromovasku-
lären Fraktion des Fettgewebes und weniger auf die reifer Adipozyten zurückzuführen [81].
Ein Einfluss der gestiegenen TIMP-1-Expression auf die Entstehung einer Adipositas unter
hochkalorischer Nahrung bei C57BL/6J Mäusen ist nicht nachweisbar [27]. Demgegenüber
beschleunigt eine externe Zufuhr von TIMP-1 oder des MMP-Inhibitor GM6001 in vitro die
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Fettakkumulation in differenzierenden 3T3-L1-Adipozyten [2]. Der Einsatz von anti-TIMP-1-
Antikörpern verhindert eine adäquate Differenzierung von 3T3-L1-, 3T3-F442A- und Präadi-
pozyten der Ratte [10, 17]. Das Fettgewebe TIMP-1-defizienter Mäuse reagiert im Gegensatz
zu dem von Wildtyp-Artgenossen nur mit einer unzureichenden Fettakkumulation auf eine
hochkalorische Ernährung [73]. TIMP-1 scheint demnach nicht nur für die Differenzierung des
Fettgewebes von Bedeutung zu sein sondern auch für die Entwicklung einer Adipositas. Beim
Menschen ist TIMP-1 besonders im omentalen Fettgewebe adipöser Patienten vermehrt ex-
primiert [86]. TIMP-1 steht aber auch in Zusammenhang mit Parametern einer Adipositas.
TIMP-1-Serumspiegel korrelieren signifikant positiv mit dem Gesamtfettgehalt des Körpers,
unabhängig von Alter, Geschlecht und dem Plasma-Insulinspiegel [64]. Eine signifikante in-
verse Korrelation war dagegen zwischen dem TIMP-1- und dem Adiponectin-Serumspiegel
nachweisbar [64].
Interessanterweise steht TIMP-1 auch in Zusammenhang mit Leptin. Im Endothel wird
TIMP-1 durch Leptin [100], ein Adipokin zur Regulierung der Nahrungsaufnahme, indu-
ziert. Diese Expressions- und Sekretionssteigerung geht aber mit einer gleichzeitig vermehrten
MMP-Sekretion einher [100]. So kann TIMP-1 nicht wachstumshemmend auf die Gefäßneu-
bildung wirksam werden [100]. Eine Hyperleptinämie, wie sie bei Adipositas auftritt [22],
führt also trotz einer TIMP-1-Induktion zu Gefäßwachstum [100].
TIMP-1 ist somit ein Adipokin, dessen genaue Funktion im Rahmen der Adipositas und
ihrer Folgeerkrankungen noch nicht abschließend erklärt ist. Seine positive Korrelation mit
Parametern der Adipositas und seine essentielle Rolle bei der Differenzierung und Fettakku-
mulation von Adipozyten lassen aber vermuten, dass es sich bei TIMP-1 um ein proinflamma-
torisches Adipokin handelt. Diese These wird gestützt durch die Fähigkeit von TNF-α und
Il-6, eine TIMP-1-Sekretion aus Adipozyten stimulieren zu können. Der Einfluss des eben-
falls wichtigen Entzündungsmediators IL-1β wurde hingegen bis zum Beginn dieser Arbeit
noch nicht näher untersucht.
1.2.3 SAA-3
Das murine SAA-3 ist ein Akute-Phase-Protein und gehört zur SAA-Genfamilie, der ins-
gesamt vier Mitglieder, SAA-1 bis SAA-4, angehören [76, 88, 127]. SAA-Proteine sind ver-
wandt mit Amyloid-A-Fibrillen [105, 112]. Diese führen im Rahmen von chronischen Ent-
zündungsprozessen zur Entwicklung einer sekundären Amyloidose, wenn sie sich extravasal
ablagern [5]. SAA-Proteine fungieren maßgeblich als Apolipoproteine des high density lipo-
protein (HDL) [6, 7, 30], aber auch anderer Lipoproteine [84]. Im Gegensatz zu den anderen
Vertretern der SAA-Genfamilie wird SAA-3 in der Maus auch in fast allen extrahepatischen
Geweben gebildet [92]. Im Menschen gibt es kein Korrelat zum murinen SAA-3 [87, 110].
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Die Mitglieder der humanen SAA-Genfamilie sind ebenfalls Akute-Phase-Proteine und Be-
standteile des HDL [83, 123].
Adipozyten der Maus exprimieren SAA-3 auf eine Stimulation mit Endotoxin hin [7]. Lin und
Mitarbeiter wiesen im Jahr 2001 nach, dass SAA-3 aus dem Fettgewebe nach der Induktion
eines Diabetes mellitus vermehrt sezerniert wird [74]. Interessanterweise war SAA-3 auch
im Fettgewebe unbehandelter ob−/− Mäuse verstärkt nachweisbar [74]. Dieser Effekt konnte
eindeutig einer vermehrten Sekretion aus Adipozyten zugeordnet werden [74]. Im Menschen
finden sich bei adipösen Patienten erhöhte SAA-Serumspiegel im Vergleich zu schlanken
Kontrollen [102]. Der SAA-Serumspiegel lässt sich hier durch eine Kalorienrestriktion oder
mittels Nahrungsmengenbeschränkung durch bariatrische Chirurgie signifikant senken [102].
Allgemein sinken SAA-Serumspiegel signifikant nach einer Gewichtsreduktion [138].
Zahlreiche Anhaltspunkte sprechen dafür, dass es sich sowohl bei SAA-3 als auch bei SAA
um proinflammatorische Adipokine handelt. in vitro induzierte SAA die Expression proin-
flammatorischer Zytokine wie TNF-α oder MCP-1 in Endothelzellen [138]. SAA-3 wird nicht
nur aus murinen Adipozyten sezerniert [7], sondern erhöht als extrazellulärer Mediator die
Lipolyserate der Adipozyten [138]. Somit agiert SAA-3 als direkter Gegenspieler von Insulin
im Fettstoffwechsel. In diesem Sinne korreliert der SAA-Serumspiegel von Patienten nach
bariatrischer Chirurgie invers mit der sich verbessernden Glukosetoleranz [138]. Das murine
SAA-3 wird auf einen Entzündungsreiz hin hauptsächlich von Makrophagen sezerniert [93].
Als Apolipoprotein verdrängt SAA-3 im HDL das Apolipoprotein AI [19] und ersetzt das
im Entzündungsfall vermindert gebildete Apoprotein E [93, 130]. Dieser Austausch führt zu
veränderten Bindungseigenschaften des HDL [93]. SAA-3 beeinflusst demnach den Lipopro-
teinstoffwechsel, in dem es das HDL möglicherweise im entzündeten Gewebe hält [93]. Diese
Annahme wird durch Ergebnisse bestärkt, die zu Beginn dieser Promotion noch nicht vorla-
gen. So fanden Chiba und Mitarbeiter in der Blutzirkulation kaum detektierbare Mengen an
apoSAA-3 als Bestandteil des HDL [18]. In artherosklerotischen Plaques ist dagegen SAA-3
vermehrt nachweisbar [94].
Die beschriebenen Beobachtungen sprechen für SAA-3 als ein proinflammatorisches Adi-
pokin. Seine Rolle im HDL-Stoffwechsel und seine enge Korrelation mit Parametern der
Adipositas lassen SAA-3 als einen Mediator von Folgeerkrankungen der Adipositas vermu-
ten. Seine Regulation im Fettgewebe, besonders durch starke Entzündungsmediatoren wie
IL-1β war zum Zeitpunkt des Beginns dieser Arbeit aber nicht näher untersucht.
1.2.4 Lipocalin-2
Lipocalin-2, auch bekannt unter der Bezeichnung neutrophil gelatinase-associated lipocalin
[61], 24p3 [37] oder superinducible protein-24 [24] wurde ursprünglich in BALB/C 3T3-Fibrozyten
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beschrieben. Lipocalin-2 gehört zur großen Familie der Lipocaline [37], die durch eine ge-
meinsame Proteinstruktur [38, 41] in der Lage sind kleine lipophile Moleküle wie Pheromone
oder Retinol zu binden [16, 21].
Dem Nachweis von Lipocalin-2 in 3T3-Fibroblasten folgten mehrere Studien, die eine Lipo-
calin-2-Expression auch in Adipozyten [4, 69], beziehungsweise im Fettgewebe sahen und
eine Verbindung zur Adipositas herstellten [74, 117]. Lipocalin-2 wird in 3T3-L1 Adipo-
zyten exprimiert und von diesen sezerniert [136]. In Präadipozyten findet sich kaum eine
Lipocalin-2-Expression [136]. Interessanterweise steigt diese aber mit der Differenzierung
zu reifen Adipozyten sehr stark [136]. Eine Stimulation in reifen 3T3-L1-Adipozyten mit
Dexamethason oder TNF-αlpha führt zu einer weiteren deutlichen Steigerung der mRNA-
Expression [136]. Diese Induktion kann durch eine Vorbehandlung mit Rosiglitazon, einem
Insulinsensitizer, entscheidend gehemmt werden [136]. In Mäusen wird ein signifikant hö-
herer Lipocalin-2-Proteinspiegel im weißen Fettgewebe adipöser ob−/−- und db−/−-Mäusen
im Vergleich zu Kontrolltieren beobachtet [136]. Diese Mehrexpression kann eindeutig den
im Gewebe ansässigen weißen Adipozyten zugeordnet werden, während in der stromovas-
kulären Fraktion die Lipocalin-2-Expression eher sinkt [136]. Interessanterweise korreliert
Lipocalin-2 im Menschen ebenfalls mit dem Grad der Adipositas, gemessen an BMI, mit
dem Hüftumfang, dem Körperfettanteil und der waist-to-hip-ratio [126].
Yan und Mitarbeiter zeigten in vitro und in vivo überzeugend, dass es sich bei Lipocalin-2
um ein mit Adipositas und Insulinresistenz assoziiertes Protein handelt [136]. Sie wiesen
nach, dass Lipocalin-2 eine Insulinresistenz-induzierende Wirkung auf Adipozyten in vi-
tro besitzt [136]. Eine intrazelluläre Expressionsminderung von Lipocalin-2 führt zu einer
signifikanten Besserung der Fähigkeit zur Glukoseaufnahme, sowohl im unstimulierten Zu-
stand als auch nach Insulinstimulation [136]. Auch im Mausmodell finden sich Hinweise für
Lipocalin-2 als Insulinresistenz-induzierendes Adipokin. So können die erhöhten Lipocalin-2
Spiegel in der Leber und im weißen Fettgewebe von db−/−-Mäusen durch die Gabe des In-
sulinsensitizers Rosiglitazon signifikant gesenkt werden [126]. Im Menschen korreliert der
Lipocalin-2-Serumspiegel signifikant positiv mit dem Blutglukosespiegel und dem Grad der
Insulinresistenz. Zusätzlich dazu findet sich eine positive Korrelation mit hochsensitivem
CRP (hsCRP) [126]. Mittels einer Inventionsstudie konnte auch im Menschen gezeigt wer-
den, dass Rosiglitazone zu einer Senkung der Lipocalin-2-Serumspiegel führt [126]. Dieser
Effekt ging mit einer Verbesserung der Insulinsensitivität und einer Senkung des hsCRP
einher [126]. Diese Beobachtung kann als weiterer Hinweis dafür verstanden werden, dass es
sich bei Lipocalin-2 um ein proinflammatorisches Adipokin handelt. Lipocalin als möglicher
Mediator verschiedener Facetten des metabolischen Syndroms wird durch Befunde gestärkt,
die eine negative Korrelation seines Serumspiegels mit dem des HDL zeigen [126]. HDL ist im
Rahmen der Dyslipidämie des metabolischen Syndroms erniedrigt [49]. Im Zusammenhang
12
1 Einführung in die Thematik
mit weiteren Komplikationen der Adipositas ist auch die Assoziation von Lipocalin-2 mit
MMP-9 von Bedeutung [135]. MMP-9 wird mit der Entstehung von Atherosklerose und mit
der Ruptur artherosklerotischer Plaques in Verbindung gebracht [12, 90, 101].
Die genannten Daten weisen deutlich auf Lipocalin-2 als Adipokin mit proinflammatorischen
Eigenschaften hin. Es kann mit zahlreichen negativen Folgen einer Adipositas in Verbindung
gebracht werden. Die Fähigkeit von TNF-α und Dexamethason die Lipocalin-2-Expression
in Adipozyten zu stimulieren [136] gibt Hinweise auf seine Regulation im Fettgewebe. Der
Einfluss jedoch von IL-1β, einem der wichtigsten Entzündungsmediatoren des Organismus,
auf die Lipocalin-2-Expression und Sekretion aus Adipozyten war zum Zeitpunkt des Beginns
dieser Arbeit Anfang des Jahres 2008 noch nicht näher untersucht worden.
1.2.5 Chemerin
Chemerin, auch retinoic acid receptor responder-2 [42] oder tazarotene induced gene-2 [91,
98], wurde von Wittamer und Mitarbeitern im Jahre 2003 als proteinischer Ligand des bis
dahin verwaisten Gi-Protein gekoppelten Rezeptors ChemR23, später Chemerin-Rezeptor
(ChemR) identifiziert [134]. Chemerin fungiert als Chemoattraktant für Makrophagen und
reife dendritische Zellen und ist somit als Teil entzündlicher Prozessen zu betrachten [134].
Aus molekularbiologischer Sicht ist bis auf eine positive Regulation des ChemR durch all-
trans Retinsäure kaum etwas bekannt [96].
Chemerin wurde von Goralski und Mitarbeitern in 3T3-L1-Adipozyten nachgewiesen [42].
In 3T3-L1-Präadipozyten zeigte sich eine erhöhte Expression von Chemerin [42]. Eine Her-
unterregulation von ChemR in 3T3-L1-Präadipozyten führte zu einer mangelhaften Diffe-
renzierung dieser Zellen zu reifen Adipozyten [42]. Die adipozytenspezifische Genexpression
zeigte sich beeinträchtigt [42]. So waren Perlipin, die hormonsensitive Lipase, der insulin-
anhängige Glukosetransporter-4 und das Adipokin Adiponectin geringer exprimiert als in
Kontrollzellen mit intaktem ChemR [42]. Chemerin hat nach Roh und Mitarbeitern eine
lipolyseinduzierende Wirkung in reifen Adipozyten [104]. Es verstärkt aber gleichzeitig die
Wirkung des Insulins, in dem es die Expression des Insulin-Rezeptor-Substrates 1 erhöht
[119]. Die Chemerin-Expression bei adipösen, diabetischen Psammomys obesus ist signifi-
kant höher als in schlanken, glukosetoleranten Artgenossen [11]. Im Fettgewebe hochkalorisch
ernährter C57BL/6J Mäuse sind Chemerin und ChemR ebenfalls erhöht exprimiert [104].
Interessanterweise ist aber Chemerin im Serum diabetischer db−/−-Mäusen in geringeren
Konzentrationen zu finden als in den Kontroll-db−/+-Mäusen [119]. Diese Beobachtung legt
eine speziesdefinierte Regulation des Chemerins nahe.
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Im Menschen ist eine signifikant positive Korrelation des Chemerin-Serumspiegels mit dem
BMI, der Höhe des systolischen und diastolischen Blutdruckes und der Triglyceridkonzentra-
tion im Serum nachzuweisen [11]. Es zeigen sich dabei allerdings keine Unterschiede zwischen
den Chemerin-Serumspiegeln von glukosetoleranten und glukoseintoleranten Probanden [11].
Chemerin darf aufgrund seiner positiven Korrelation zu Parametern der Adipositas und des
metabolischen Syndrom als proinflammatorisches Adipokin angesehen werden. Die Regula-
tionsmechanismen, die zu seiner vermehrten Ausschüttung aus dem Fettgewebe führen, sind
nur unzureichend erklärt. Besonders der Einfluss anderer proinflammatorischer Adipokine
wie IL-1β war bis zum Beginn dieser Arbeit nicht untersucht worden
14
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1.3 Rationale
Wie gezeigt werden konnte, ist IL-1β ein Vertreter proinflammatorischer Zytokine mit Ein-
fluss auf zahlreiche physiologische und pathophysiologische Prozesse innerhalb des Orga-
nismus. Seine negativen Auswirkungen auf die periphere Insulinsensitivität und die Unter-
stützung gefäßschädigender Prozesse bei chronischer Erhöhung der IL-1β-Serumspiegel im
Rahmen der Adipositas ist nur teilweise auf eine direkte Interaktion mit den Zielgeweben
zurückzuführen. Aktuelle Forschungsergebnisse legen den Schluss nahe, dass IL-1β entschei-
denden Einfluss auf die Funktionsweise des Fettgewebes nimmt. Diese Arbeit geht der Frage
nach, ob IL-1β die Sekretion der zum Zeitpunkt des Dissertationsbeginns erst kürzlich be-
schriebenen, proinflammatorischen Adipokine TIMP-1, SAA-3, Lipocalin-2 und Chemerin
beeinflusst.
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Abstract
The adipokine tissue inhibitor of metalloproteinase (TIMP)-1
is upregulated when weight is gained and promotes adipose
tissue development. In the present study, the effect of insulin
resistance-inducing and proinflammatory interleukin (IL)-1b
on TIMP-1 gene expression and secretion was investigated in
3T3-L1 adipocytes. Interestingly, protein secretion and
mRNA production of TIMP-1 were significantly stimulated
by IL-1b. Thus, IL-1b induced TIMP-1 secretion in a dose-
dependent manner with maximal 3.5-fold upregulation seen
at 0.67 ng/ml IL-1b relative to untreated cells. Furthermore,
TIMP-1 mRNA synthesis was significantly stimulated by
IL-1b in a dose-dependent fashion with 2.5-fold induction
seen at IL-1b concentrations as low as 0.02 ng/ml and
maximal 8.1-fold upregulation found at 20 ng/ml effector.
Induction of TIMP-1 mRNA was also time dependent
with maximal 9.6-fold upregulation detectable after 8 h of
IL-1b treatment. Signaling studies suggested that janus kinase
2 is involved in IL-1b-induced TIMP-1 mRNA expression.
Taken together, our results demonstrate that the TIMP-1
expression is selectively upregulated by proinflammatory
IL-1b, supporting a direct association between insulin
resistance, inflammation, and adipose tissue development
in obesity.
Journal of Endocrinology (2008) 198, 169–174
Introduction
Obesity is characterized by a chronic inflammatory state.
Biologically active proteins secreted from adipose tissue,
so-called adipokines, are suggested to linkobesitywith associated
disorders including insulin resistance, type II diabetes mellitus
(T2DM), and cardiovascular diseases (Fasshauer & Paschke
2003). Recently, interleukin (IL)-1b has been characterized as a
novel fat-secreted adipokine with insulin resistance-inducing
and proinflammatory properties besides tumor necrosis factor
(TNF)-a and IL-6 (Lagathu et al. 2006, Barksby et al. 2007, Jager
et al. 2007). Thus, chronic IL-1b treatment impaired insulin-
induced glucose transporter (Glut)-4 expression and markedly
inhibited its translocation to the plasma membrane through
downregulation of insulin receptor substrate-1 (Jager et al. 2007).
Furthermore, long-term IL-1a stimulation of 3T3-L1 adipo-
cytes induced expression of suppressor of cytokine signaling-1
and -3 (He et al. 2006), which are well-established inhibitors of
insulin signal transduction (Fasshauer et al. 2004). In addition,
IL-1b dramatically decreased the production of the insulin-
sensitizing adipokine adiponectin in 3T3-L1 adipocytes and in
human primary fat cells (Lagathu et al. 2006). Consistent with
these findings, Thomas and co-workers have shown that IL-1
receptor-deficient non-obese diabetic mice were partially
protected from the development of T2DM (Thomas et al.
2004). Furthermore, blockage of IL-1 signaling with anakinra,
a recombinant human IL-1 receptor antagonist, improved
glycemic control in patients with T2DM most likely through
improved secretory function of b-cells (Larsen et al. 2007).
Taking these studies into consideration, identification and
characterization of downstream targets of IL-1b in adipocytes
have become a focus of present research since novel
pharmacological targets for the treatment of obesity and
associated diseases including insulin resistance, T2DM, hyper-
tension, and atherosclerosis might be derived from these studies.
Tissue inhibitor of metalloproteinase (TIMP)-1 is an
adipocyte-secreted protein upregulated in obesity that
promotes adipose tissue development (Maquoi et al. 2002,
Chavey et al. 2003).Our group has recently shown that TIMP-
1 is upregulated both by proinflammatory TNFa and IL-6
(Kralisch et al. 2005) and the b-adrenergic agonist isoproter-
enol in murine adipocytes (Kralisch et al. 2006). However,
a potential regulation of TIMP-1 by proinflammatory IL-1b
has not been elucidated so far. Therefore, we investigated the
effect of IL-1b on TIMP-1 protein secretion and mRNA
production in 3T3-L1 adipocytes in the present study.
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Materials and Methods
Materials
Reagents for cell culture were purchased from PAA
(Pasching, Austria), and oligonucleotides were from MWG-
Biotech (Ebersberg, Germany). AG490, dexamethasone,
IL-1b, isobutylmethylxanthine, LY294002, parthenolide,
and PD98059 were obtained from Calbiochem (Bad Soden,
Germany), and insulin from Roche Molecular Biochemicals.
Culture and differentiation of 3T3-L1 cells
3T3-L1 adipocytes (American Type Culture Collection,
Rockville, MD, USA) were differentiated as described previously
(Kralisch et al. 2005). In brief, confluent preadipocytes were
cultured for 3 days in Dulbecco’s modified Eagle’s medium
(DMEM) containing 25 mM glucose (DMEM-H), 10% fetal
bovine serum, and antibiotics (culture medium) further
supplemented with 1 mM insulin, 0.5 mM isobutylmethylx-
anthine, and 0.1 mM dexamethasone. After 3 additional days in
culture medium with 1 mM insulin and 3–6 days in culture
medium, about 95% of the cells had accumulated fat droplets. All
stimulationswerecarriedout inDMEM-Hwithout anyadditions.
Analysis of TIMP-1 protein secretion
Quantification of TIMP-1 protein secretion into 3T3-L1 cell
culture supernatants was performed with a commercially
available ELISA from RayBiotech Inc. (Norcross, GA, USA)
according to the manufacturer’s instructions.
Quantification of mRNA synthesis
The mRNA expression was determined by quantitative real-
time RT-PCR in a fluorescent temperature cycler (7000
sequence detection system, Applied Biosystems, Darmstadt,
Germany) as described previously (Kralisch et al. 2005). In
brief, RNA was isolated from 3T3-L1 adipocytes using
TRIzol (Invitrogen, Life Technologies, Inc.). After 1 mg
RNA was reverse transcribed with standard reagents (Invi-
trogen, Life Technologies, Inc.), 2 ml of eachRTreaction were
amplified in a 26 ml PCR. After initial denaturation at 95 8C
for 10 min, 40 PCR cycles were performed using the
following conditions: 95 8C for 15 s, 60 8C for 1 min, and
72 8C for 1 min. The following primers were used: TIMP-1
(accession no. NM_011593) CTATAGTGCTGGCTGT
GGGGTGTG (sense) and TTCCGTGGCAGGCAAG-
CAAAGT (antisense); TIMP-2 (accession no. NM_011594)
GGCCTCCCTCCCTTACTCC (sense) and GACTTC
ATATTCCAGCACGCACAT (antisense); adiponectin
(accession no. U37222) AAGGACAAGGCCGTTCTCT
(sense) and TATGGGTAGTTGCAGTCAGTTGG (anti-
sense); CCAAT/enhancer-binding protein (C/EBP)-a
(accession no. NM_007678) GGTGCGCAAGAGCCGA-
GATAAAG (sense) and GCCCCGCAGCGTGTCCAGTT
(antisense); Glut-4 (accession no. NM_009204) GTGGC
TCTGCTGCTGCTGGAACG (sense) and GCGGGGG-
CCCTGGCTGAAGAG (antisense); peroxisome prolifera-
tor-activated receptor (PPAR) g (accession no. NM_011146)
CGTGAAGCCCATCGAGGACATC (sense) and TGGAG-
CAGGGGGTGAAG (antisense); and 36B4 (accession no.
NM007475) AAGCGCGTCCTGGCATTGTCT (sense)
and CCGCAGGGGCAGCAGTGGT (antisense). SYBR
Green I fluorescence was monitored after each cycle. Levels
of the different genes of interest were quantified using the
second derivative maximum method of the ABI Prism 7000
software (Applied Biosystems) determining the crossing points
of individual samples. TIMP-1, TIMP-2, adiponectin,
C/EBPa, Glut4, and PPARgmRNAswere expressed relative
to 36B4 that has been used as an internal control due to its
resistance to hormonal regulation (Laborda 1991). Specific
transcripts were confirmed by melting curve profiles (cooling
the sample to 68 8C and heating slowly to 95 8C with
measurement of fluorescence) at the end of each PCR, and
the specificity of the PCR was further verified by subjecting
the amplification products to agarose gel electrophoresis.
Statistical analysis
Results are shown as meanGS.E.M. Differences between
various treatments were analyzed by Mann–Whitney U tests
with P values!0.01 considered highly significant and!0.05
considered significant.
Results
TIMP-1 mRNA expression is decreased during adipocyte
differentiation
We tested whether TIMP-1 mRNA synthesis is modulated
during adipocyte differentiation. To this end, TIMP-1
mRNA was quantified in confluent 3T3-L1 preadipocytes
(d0), as well as in cells after 3 (d3), 6 (d6), and 9 (d9) days of
differentiation induction. TIMP-1 mRNA was highly
expressed in preadipocytes (d0) and decreased to 80% at
day 3, 40% at day 6 (P!0.05), and 30% at day 9 (P!0.05)
of adipocyte differentiation when compared with day 0
(100%) (Fig. 1A). In contrast, the differentiation markers
adiponectin (Fig. 1B), C/EBPa (Fig. 1C), Glut4 (Fig. 1D),
and PPARg (Fig. 1E) were significantly upregulated in 3T3-
L1 cells on days 6 (d6) and 9 (d9) of the differentiation course.
IL-1b stimulates TIMP-1 protein secretion dose dependently
Differentiated 3T3-L1 cells were treated with various
concentrations of IL-1b for 16 h and TIMP-1 secretion
into the medium was measured by ELISA. Interestingly,
significant 2.7-fold (P!0.05) upregulation of TIMP-1
protein secretion was first seen at effector concentrations as
low as 0.2 ng/ml (Fig. 2). Maximal 3.5-fold upregulation
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from 1849 (basal) to 6520 pg/ml was detectable at an IL-1b
concentration of 0.67 ng/ml (P!0.05; Fig. 2).
IL-1b upregulates TIMP-1 mRNA expression in a dose-
dependent manner
Treatment with IL-1b for 16-h-stimulated TIMP-1 gene
expression in a dose-dependent manner. Thus, a significant
2.5-fold induction of TIMP-1 mRNA synthesis was
detectable at IL-1b concentrations as low as 0.02 ng/ml
(P!0.01; Fig. 3). A maximal 8.1-fold increase was found at
20 ng/ml of the cytokine (P!0.01; Fig. 3). Treatment of
3T3-L1 adipocytes with 20 ng/ml IL-1b for 16 h did not
significantly affect adipocyte differentiation as assessed by Oil
Red O staining (data not shown).
IL-1b upregulates TIMP-1 but not TIMP-2 mRNA
expression in a time-dependent manner
Treatment with 20 ng/ml IL-1b increased TIMP-1 mRNA
also in a time-dependent manner (Fig. 4A). Thus, significant
fourfold (P!0.01) upregulation was first seen after 2 h of
treatment, maximal more than ninefold (P!0.01) induction
was observed after 8 h, and significant stimulation persisted
for up to 24 h (P!0.01) (Fig. 4A). In contrast, TIMP-2
mRNA production was not affected by IL-1b treatment of
differentiated 3T3-L1 cells (Fig. 4B). Similar to the results
obtained in differentiated adipocytes, 20 ng/ml IL-1b
significantly induced TIMP-1 mRNA synthesis time depen-
dently in non-differentiated cells with maximal 2.4-fold
(P!0.05) stimulation seen after 4 h of treatment (Fig. 4C).
Signaling molecules mediating the effect of IL-1b on TIMP-1
mRNA expression
We elucidated which signaling molecules might mediate the
effect of IL-1b on TIMP-1 gene expression. To this end,
Figure 1 TIMP-1 gene expression is decreased during adipocyte
differentiation. Total cellular RNAwas isolated at days 0 (0d), 3 (3d), 6
(6d), and 9 (9d) after induction of differentiation and quantitative real-
time RT-PCR determining (A) TIMP-1, (B) adiponectin, (C) C/EBPa,
(D) Glut4, and (E) PPARgmRNA levels normalized to 36B4 expression
was performed as described in Materials and Methods. Data are
shown relative to cells on day 0 (Z100%) and represent the
meansGS.E.M. of four independent experiments. *P!0.05.
Figure 2 TIMP-1 protein secretion is upregulated by IL-1b. Fully
differentiated 3T3-L1 cells were serum deprived for 6 h before the
indicated concentrations of IL-1b were added for 16 h. After this
period, TIMP-1 protein levels in the supernatants were determined
by ELISA as described in Materials and Methods. Results are the
meansGS.E.M. of three independent experiments. *P!0.05 when
compared with control cells.
IL-1b induces TIMP-1 . S WEISE, S KRALISCH and others 171
www.endocrinology-journals.org Journal of Endocrinology (2008) 198, 169–174
3T3-L1 adipocytes were pretreated with specific pharma-
cological inhibitors of janus kinase (Jak) 2 (AG490, 10 mM),
nuclear factor (NF)-kb (parthenolide, 50 mM), p44/42 MAP
kinase (PD98059, 50 mM), or phosphatidylinositol (PI)
3-kinase (LY294002, 10 mM) for 1 h before IL-1b
(20 ng/ml) was added for 16 h. Treatment of 3T3-L1
adipocytes with AG490, parthenolide, PD98059, and
LY294002 for 17 h significantly suppressed basal TIMP-1
expression to 34, 45, 61, and 52% of controls (P!0.01)
respectively (Fig. 5). Again, TIMP-1 mRNA synthesis was
increased more than eightfold after 16 h of IL-1b treatment
(P!0.01; Fig. 5). IL-1b-induced TIMP-1 mRNA
expression was completely blocked by pharmacological
inhibition of Jak2 and NFkb to 69 and 63% of untreated
controls respectively (P!0.01; Fig. 5). In addition, inhibition
of p44/42 MAP kinase by PD98059 and PI 3-kinase by
LY294002 partially reversed IL-1b-induced TIMP-1 mRNA
synthesis by almost 75 and 60% respectively (P!0.01; Fig. 5).
Synergistic effects of TNFa, IL-6, and IL-1b on TIMP-1
mRNA expression
Finally, we tested whether IL-1b, TNFa, and IL-6 might
influence TIMP-1 mRNA expression in 3T3-L1 adipocytes
synergistically. As shown in Fig. 6, 16-h treatment with IL-1b
(20 ng/ml), TNFa (20 ng/ml), and IL-6 (30 ng/ml) induced
TIMP-1 mRNA expression ninefold (P!0.05), fivefold
(P!0.05), and sevenfold (P!0.05) respectively. Interestingly,
TIMP-1 gene expression further increased when 3T3-L1 cells
were treated with IL-1b and TNFa, IL-1b and IL-6, or TNFa
and IL-6 (Fig. 6). Maximal 85-fold (P!0.05) induction of
TIMP-1 mRNA was found after treatment of 3T3-L1
adipocytes with the three cytokines combined (Fig. 6).
Discussion
In the present study, we demonstrate for the first time that
IL-1b induces TIMP-1 gene expression and protein secretion
in 3T3-L1 adipocytes. In contrast, TIMP-2 mRNA synthesis
is not altered by IL-1b. These results are in accordance with
recent findings from our group showing a specific stimulatory
Figure 3 Dose-dependent upregulation of TIMP-1 mRNA by IL-1b.
Differentiated 3T3-L1 cells were serum starved for 6 h before
various concentrations of IL-1b were added for 16 h. Extraction of
total RNA and quantitative real-time RT-PCR determining TIMP-1
mRNA levels normalized to 36B4 expression were performed as
described in Materials and Methods. Data are shown relative to
untreated control (Con) cells (Z100%) and represent the meansG
S.E.M. of seven independent experiments. **P!0.01 comparing
untreated control cells with IL-1b-treated cells.
Figure 4 Time-dependent upregulation of TIMP-1 but not TIMP-2
mRNA by IL-1b. (A and B) Fully differentiated 3T3-L1 adipocytes
and (C) preadipocytes were serum starved overnight before
20 ng/ml IL-1b were added for the indicated periods of time. Total
RNA was extracted and subjected to quantitative real-time RT-PCR
to determine (A and C) TIMP-1 and (B) TIMP-2 mRNA production
normalized to 36B4 levels as described in Materials and Methods.
Data are expressed relative to untreated control cells (Z100%).
Results are the meansGS.E.M. of at least three independent
experiments. **P!0.01 and *P!0.05 comparing IL-1b-treated
with non-treated cells.
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effect of proinflammatory TNFa and IL-6 on TIMP-1 but
not TIMP-2 (Kralisch et al. 2005). It is interesting to note
in this context that no evidence has been presented so
far indicating that TIMP-2 like TIMP-1 influences adipose
tissue physiology.
During the development of obesity, an extensive reorgani-
zation of adipose tissue that involves adipogenesis, angiogen-
esis, and remodeling of the extracellular matrix is found
(Crandall et al. 1997). Here, TIMP-1 appears as an interesting
candidate promoting fat accumulation. Thus, addition of
recombinant TIMP-1 promotes adipogenic accumulation of
lipid droplets in 3T3-L1 adipocytes when compared with
control cells (Alexander et al. 2001). Adipocyte differentiation
is accelerated in transgenic mice overexpressing TIMP-1
when compared with wild-type animals (Alexander et al.
2001). In addition, the development of obesity is attenuated
in TIMP-1-deficient mice on high-fat diet (Lijnen et al.
2003). Furthermore, upregulated TIMP-1 expression is
found in mice on high-fat diet when compared with
standard-fat diet (Maquoi et al. 2002). Our group has recently
demonstrated that TIMP-1 serum levels are an independent
predictor of adiposity in humans with highest levels seen in
visceral obesity (Kralisch et al. 2007). Furthermore, elevated
TIMP-1 serum levels are associated with the presence of
carotid artery lesions in dyslipidemic subjects and are related
to progression of atherosclerosis (Beaudeux et al. 2003). These
findings suggest that TIMP-1 is not only a passively regulated
novel adipocyte-secreted factor but might also actively
maintain adipose tissue mass in states of increased IL-1b
serum levels such as obesity, inflammation, and insulin
resistance.
Interestingly, IL-1b is also a positive inductor of TIMP-1
mRNA synthesis in undifferentiated adipocytes. These results
support the notion that IL-1b is a principal positive regulator
of TIMP-1 mRNA expression in adipose tissue where both
preadipocytes and adipocytes are present.
We have further elucidated in the present study by which
signaling molecules IL-1b upregulates TIMP-1 expression.
Binding of IL-1b to the extracellular domain of the IL-1
receptor leads to activation of IL-1 receptor-associated kinase
(Cao et al. 1996) which, in turn, stimulates downstream
signaling proteins such as NFkb (Dinarello 1997). In the
present study, we show that pharmacological inhibition of
NFkb by parthenolide reverses IL-1b-induced TIMP-1
mRNA expression suggesting a potential role of this signaling
molecule in IL-1b-regulated TIMP-1 mRNA synthesis.
However, it has to be pointed out that under the conditions
studied, parthenolide significantly decreases cell viability
assessed by trypan blue staining when compared with
untreated 3T3-L1 adipocytes (data not shown). Therefore,
we cannot exclude the possibility that downregulation of
TIMP-1 after parthenolide pretreatment is due to a toxic
effect of this inhibitor. In contrast, AG490, PD98059, and
LY294002 do not influence cell viability (data not shown).
Jak2 (Doi et al. 2002), p44/42 MAP kinase (Stylianou &
Saklatvala 1998), and PI 3-kinase (Reddy et al. 1997) are
downstream signaling molecules of IL-1b. Jak2 is probably
involved in IL-1b-induced TIMP-1 synthesis in fat cells since
inhibition of this signaling protein leads to a complete reversal
of the effects of IL-1b. Pharmacological inhibition of p44/42
MAP kinase and PI 3-kinase downregulates basal TIMP-1
Figure 5 Signaling molecules involved in IL-1b-induced TIMP-1
mRNA synthesis. After serum starvation, 3T3-L1 adipocytes were
cultured in the presence or absence of AG490 (AG, 10 mM),
parthenolide (Part, 50 mM), PD98059 (PD, 50 mM), or LY294002
(LY, 10 mM) for 1 h before IL-1b (20 ng/ml) was added for 16 h. Total
RNA was extracted and subjected to quantitative real-time RT-PCR
to determine TIMP-1 normalized to 36B4 as described in Materials
and Methods. Data are expressed relative to non-treated control
(Con) cells (Z100%). Results are the meansGS.E.M. of five
independent experiments. **P!0.01 comparing non-treated cells
with inhibitor- and IL-1b-pretreated cells, as well as comparing
IL-1b-treated with inhibitor-pretreated adipocytes.
Figure 6 IL-1b, TNFa, and IL-6 induce TIMP-1 mRNA synergisti-
cally. After serum starvation, 3T3-L1 adipocytes were cultured in
the presence or absence of IL-1b (20 ng/ml), TNFa (20 ng/ml), and
IL-6 (30 ng/ml) for 16 h. Total RNA was extracted and subjected to
quantitative real-time RT-PCR to determine TIMP-1 normalized to
36B4 as described in Materials and Methods. Data are expressed
relative to non-treated control cells (Z100%). Results are the
meansGS.E.M. of four independent experiments. *P!0.05
comparing effector treated with untreated cells.
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synthesis and partially reverses IL-1b-induced TIMP-1
mRNA expression. These data indicate that both signaling
molecules are principal positive mediators of TIMP-1 gene
expression in adipocytes.
Interestingly, TIMP-1 gene expression further increases
when 3T3-L1 cells are treated with IL-1b and TNFa, IL-1b
and IL-6, or TNFa and IL-6. Furthermore, maximal
induction of TIMP-1 mRNA is found after treatment with
the three cytokines combined. These results indicate that the
cytokines tested might work as a network with synergistic
effects. Since IL-1b significantly stimulates IL-6 mRNA and
protein expression (data not shown) and IL-6 is a potent
inductor of TIMP-1 synthesis (Kralisch et al. 2005), it is well
possible that IL-6 contributes to IL-1b-induced TIMP-1.
Taken together, we demonstrate for the first time that
IL-1b is a potent stimulator of TIMP-1 protein secretion and
mRNA production in 3T3-L1 adipocytes in vitro. Further-
more, we present evidence that the positive effect of IL-1b is
mediated via Jak2.
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The Adipokine SAA3 is Induced by Interleukin-1b
in Mouse Adipocytes
Grit Sommer,1 Sebastian Weise,1 Susan Kralisch,1,2 Philipp E. Scherer,3 Ulrike Lo¨ssner,1
Matthias Blu¨her,1 Michael Stumvoll,1 and Mathias Fasshauer1,2*
1Department of Internal Medicine III, University of Leipzig, 04103 Leipzig, Germany
2Interdisciplinary Center for Clinical Research (IZKF) Leipzig, 04103 Leipzig, Germany
3Touchstone Diabetes Center, University of Texas Southwestern Medical Center, Dallas, Texas
Abstract Serum amyloid A (SAA) 3 has been characterized as an inflammatory adipocyte-secreted acute-phase
reactant. In the current study, regulation of SAA3 by the proinflammatory and insulin resistance-inducing
cytokine interleukin (IL)-1b was determined in 3T3-L1 and brown adipocytes. Interestingly, SAA3 mRNA and protein
synthesis were dramatically increased by IL-1b in a time-dependent fashion with maximal induction after 24 h.
Furthermore, IL-1b significantly induced SAA3mRNAexpression dose-dependentlywithmaximal 36.4-fold upregulation
seen at 2 ng/ml effector. Moreover, IL-1b-induced SAA3 expression was mediated by nuclear factor-kB and janus
kinase 2. Taken together, our data show a potent upregulation of SAA3 by IL-1b. J. Cell. Biochem. 104: 2241–2247,
2008. ! 2008 Wiley-Liss, Inc.
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Adipocyte-derived factors, the so-called
adipokines, have been proposed to link insulin
resistance, obesity, and cardiovascular disease
(CVD). Among those, adiponectin is an insulin-
sensitizing and anti-atherogenic fat-secreted
factor [Yamauchi et al., 2001; Ouchi et al.,
2003]. Furthermore, tumor necrosis factor
(TNF) a and interleukin (IL)-6 have been
suggested to induce insulin resistance [Hota-
misligil et al., 1993; Fasshauer and Paschke,
2003]. Recently, the acute-phase reactant
protein serum amyloid A (SAA) 3 has been
introduced as another proinflammatory adipo-
kine. SAA3 belongs to a family of several serum
amyloid proteins of which the members SAA1,
SAA2, SAA3 [Yamamoto and Migita, 1985;
Yamamoto et al., 1986; Lowell et al., 1986a,b],
and SAA5 [de Beer et al., 1991] are actively
transcribed in mice. All SAA proteins function
as high-density lipoprotein (HDL) apoproteins
that displace the apolipoproteins A1 and E from
HDL. This exchange, in turn, leads to increased
HDL binding to macrophages and altered HDL
clearance in the liver [Meek et al., 1992]. SAA3
production is found in various cell types includ-
ing adipocytes in rodents whereas the other
SAA proteins are synthesized primarily by the
liver [Yamamoto and Migita, 1985; Yamamoto
et al., 1986; Lowell et al., 1986a,b]. In contrast,
SAA3 expression is not found in humans
[Kluve-Beckerman et al., 1991]. It has been
shown convincingly that SAA3 is strongly
upregulated in adipose tissue of obese mice as
compared to lean controls [Lin et al., 2001]. The
same group demonstrated that white adipose
tissue is a major source of this secreted protein
[Lin et al., 2001]. Moreover, SAA3 in complex
with hyaluronan showedmonocyte chemotactic
activity independent of monocyte chemoat-
tractant protein (MCP)-1 in mice, thereby,
leading to local inflammation in adipose tissue
[Han et al., 2007]. Similarly, circulating levels
of acute-phase serum amyloid A (A-SAA) are
elevated in obese humans as compared to lean
! 2008 Wiley-Liss, Inc.
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subjects and expression of A-SAA is correlated
with BMI and fat cell size [Yang et al., 2006].
Furthermore, it has been shown that A-SAA
is not only a marker of inflammation but also
directly induces the production of different
proinflammatory cytokines including IL-6,
IL-8, TNFa, and MCP-1 in vascular endothelial
cells and monocytes [Yang et al., 2006]. More-
over, an important role of SAA proteins in
the development of atherosclerosis has been
proposed. Thus, high concentrations of these
acute-phase proteins are found in various
cell types in atherosclerotic plaques including
smooth muscle cells, foam cells, and macro-
phages [Meek et al., 1994; Urieli-Shoval et al.,
1994]. In accordance with these findings, SAA
was an independent predictor of cardiovascular
disease in women [Johnson et al., 2004].
We have demonstrated that SAA3 mRNA
expression is induced by the proinflammatory
and insulin resistance-inducing cytokines
TNFaand IL-6 inadipocytes in vitro [Fasshauer
et al., 2004a]. Recently, IL-1b has been intro-
duced as another cytokine besides TNFa and
IL-6 which impairs insulin sensitivity and
induces proinflammatory gene expression in
various tissues [Lagathu et al., 2006; Jager
et al., 2007]. However, the effect of this cytokine
on expression of SAA3 in adipocytes has not
been elucidated so far. Therefore, we deter-
mined regulation of SAA3 by IL-1b in the
current study in fat cells.
MATERIALS AND METHODS
Materials
Cell culture reagents were obtained from Life
Technologies, Inc. (Grand Island, NY) and PAA
(Pasching, Austria), oligonucleotides fromMWG-
Biotech (Ebersberg, Germany). Dexamethasone,
IL-1b, insulin, and isobutylmethylxanthine
were purchased from Sigma Chemical Co.
(St. Louis, MO). AG490, parthenolide, PD98059,
and LY294002 were from Calbiochem (Bad
Soden, Germany). SAA3-polyclonal antibody
was generated as described [Lin et al., 2001].
Culture and Differentiation of 3T3-L1
and Brown Adipocytes (BAT)
Immortalized brown preadipocytes and
3T3-L1 cells (American Type Culture Collec-
tion,Rockville,MD)were culturedas previously
described [Fasshauer et al., 2000, 2004a]. In
brief, preadipocytes were grown to confluence
in DMEM containing 25 mM glucose (DMEM-
HG), 10% fetal bovine serum, and antibiotics
(culture medium). After this period, cells were
induced for 3 days in culture medium further
supplemented with 1 mM insulin, 0.5 mM iso-
butylmethylxanthine, and 0.1 mM dexametha-
sone. Subsequently, they were grown for 3 days
in culture medium with 1 mM insulin and for
additional 3–6 more days in culture medium.
Various effectors were added to cells starved in
DMEM-HG only for the indicated periods
of time. At the time of the stimulation experi-
ments at least 95% of the cells had accumulated
fat droplets.
Western Blotting
Detection of SAA3 protein synthesis was
performed essentially as described previously
[Fasshauer et al., 2001]. Briefly, after indicated
stimulation periods, cells were harvested in
lysis buffer (50 mM HEPES, 137 mM NaCl,
1 mM MgCl2, 1 mM CaCl2, 10 mM Na4P2O7,
10 mM NaF, 2 mM EDTA, 10% glycerol,
1% Igepal CA-630, 2 mM vanadate, 10 mg/ml
leupeptin, 10 mg/ml aprotinin, and 2 mM
phenylmethylsulfonylfluoride, pH7.4). Lysates
were clarified, and equal amounts of protein
were solubilized directly in Laemmli sample
buffer. Proteins were resolved by sodium
dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE), transferred to nitro-
cellulose membranes, blocked for 1 h and
immunoblotted with a SAA3 antibody [Lin
et al., 2001] overnight. Specifically bound pri-
mary antibody was detected with peroxidase-
coupled secondary antibody and enhanced
chemiluminescence.
Analysis of SAA3 mRNA
SAA3 mRNA was quantified by relative
real-time polymerase chain reaction (RT-PCR)
in a fluorescent temperature cycler (ABI
Prism 7000, Applied Biosystems, Darmstadt,
Germany) as described previously [Fasshauer
et al., 2004a]. Briefly, total RNA was isolated
from BAT and 3T3-L1 adipocytes with TRIzol
reagent (Invitrogen, Life Technologies, Inc.,
Carlsbad, CA) and 1 mg RNA was reverse
transcribed using standard reagents (Invitro-
gen, Life Technologies, Inc.). Two microliters of
each RT reaction was amplified in a PCR with a
total volume of 26 ml. After initial denaturation
at 958C for 10 min, 40 PCR cycles were
performed using the following conditions: 958C
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for 15 s, 608C for 1 min, and 728C for 1 min.
The following primer pairs were used: SAA3
(accession no. NM_011315), 50-gttcacgggacatg-
gagcagagga-30 (sense) and 50-gcaggccagcaggtcg-
gaagtg-30 (antisense); 36B4 (accession no. NM_
007475) 50-aagcgcgtc ctggcattgtct-30 (sense) and
50-ccgcaggggcagcagtggt-30 (antisense). SYBR
Green I fluorescence emissions were monitored
after each cycle and synthesis of SAA3 and36B4
mRNA was quantified using the second deriva-
tive maximum method of the ABI Prism
7000 software (AppliedBiosystems,Darmstadt,
Germany). In brief, crossing points of individual
samples were determined by an algorithm
identifying the first turning point of the fluo-
rescence curve. 36B4 was used as internal
control due to its resistance to hormonal
regulation [Laborda, 1991], and SAA3 expres-
sion was calculated relative to 36B4. Specific
transcripts were confirmed by melting curve
profiles (cooling the sample to 688C and heating
slowly to 958C with measurement of fluores-
cence) at the end of each PCR and the specificity
of the PCR was further verified by subjecting
the amplification products to agarose gel
electrophoresis.
Statistical Analysis
Results are shown as mean!SE. Differences
between various treatments were analyzed by
unpaired Student’s t-tests with P-values< 0.01
considered highly significant and <0.05 consid-
ered significant.
RESULTS
SAA3 Protein Expression Is Induced by IL-1b
SAA3 protein expression was quantified
in differentiated 3T3-L1 cells in the presence
or absence of 20 ng/ml IL-1b. Interestingly,
IL-1b induced SAA3 protein synthesis time-
dependently with significant induction seen
after 4, 8, and 24 h of treatment as compared
to control conditions (Fig. 1).
SAA3 mRNA Expression Is Induced Time- and
Dose-Dependently by IL-1b in Murine Adipocytes
Treatment with 20 ng/ml IL-1b rapidly
increased SAA3 mRNA expression in a time-
dependent manner in both 3T3-L1 adipocytes
and BAT (Fig. 2A,B). Thus, in 3T3-L1 cells
significant 2.9-fold upregulation of SAA3
mRNA synthesis was seen after 1 h (P< 0.05)
and maximal 10.4-fold induction after 24 h
(P< 0.01) of IL-1b stimulation (Fig. 2A). InBAT,
significant 14-fold (P< 0.01) upregulation was
first seen after 1 h and maximal nearly 500-fold
(P< 0.01) induction was observed after 24 h of
treatment (Fig. 2B).
Furthermore, IL-1b-induced SAA3 synthesis
in a dose-dependent manner in 3T3-L1 after
16 h of treatment (Fig. 3). Here, significant
22.7-fold stimulation was observed at IL-1b
concentrations as low as 0.02 ng/ml (P< 0.05),
and maximal 36.4-fold (P< 0.01) upregulation
was seen at 2 ng/ml effector (Fig. 3).
Jak2 and NFkB Mediate the Effect of
IL-1b on SAA3 Expression
We elucidated which signaling molecules
implicated in IL-1b signaling might mediate
the positive effect of IL-1b on SAA3 expression.
To this end, 3T3-L1 cells were treated
with specific pharmacological inhibitors of
janus kinase (Jak) 2 (AG490, 10 mM), nuclear
factor-kB (NFkB) (parthenolide, 50 mM), p44/
42 mitogen-activated protein (MAP) kinase
(PD98059, 50 mM), and phosphatidylinositol
(PI) 3-kinase (LY294002, 10 mM) before IL-1b
(20 ng/ml) was added. Treatment of 3T3-L1
adipocytes with AG490 for 17 h significantly
induced basal SAA3 expression to 150% of
control levels (P< 0.05) (Fig. 4A). In contrast,
parthenolide, PD98059, and LY294002 treat-
ment for 17 h suppressed basal SAA3 mRNA
synthesis to 35%, 66%, and 64% of controls,
respectively (Fig. 4A). Again, SAA3 expression
was increased 31.6-fold after 16 h of IL-1b
treatment (P< 0.01) (Fig. 4B). This induction
was partially reversed from 3160% to 891% of
control levels in cells pretreated with the Jak2
inhibitor AG490 (P< 0.05) (Fig. 4B). Further-
more, IL-1b-induced SAA3 mRNA induction
was completely blocked to 84% of untreat-
ed controls by pharmacological inhibition of
Fig. 1. Time-dependent stimulation of SAA3 protein synthesis
by IL-1b. Fully differentiated 3T3-L1 adipocytes were serum-
deprived overnight before IL-1b (20 ng/ml) was added for the
indicated periods of time. Total protein was isolated and
immunoblotted as described in Materials and Methods Section.
A representative blot of two independent experiments is shown.
[Colorfigure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]
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NFkB with parthenolide (P< 0.01) (Fig. 4B). In
contrast, PD98059 and LY294002 treatment
did not significantly influence IL-1b-induced
SAA3 expression (Fig. 4B). PD98059 and
LY294002 treatment for 3 h induced basal
SAA3 mRNA expression to 182% and 174%
(P< 0.01) of control levels, respectively (Fig. 4C).
Again, treatment of fully differentiated 3T3-L1
cells with IL-1b for 2 h upregulated SAA3
expression 135-fold (P< 0.01) (Fig. 4D). This
induction was reversed by more than 90% in
cells pretreated for 1 h with the Jak2 inhibitor
AG490 (P< 0.05) (Fig. 4D). Furthermore, IL-1b-
induced SAA3 mRNA induction was almost
completely blocked to 180% of untreated con-
trols by pharmacological inhibition of NFkB
with parthenolide (P< 0.05) (Fig. 4D). Again,
PD98059 and LY294002 treatment did not
significantly influence IL-1b-induced SAA3
expression (Fig. 4D).
DISCUSSION
It has recently been shown ina clinical setting
that blockade of IL-1 by anakinra improves
glycemic control and reduces markers of sys-
temic inflammation [Larsen et al., 2007]. In the
current study,we show for thefirst time that IL-
1b significantly stimulates both SAA3 protein
and mRNA expression in 3T3-L1 adipocytes.
Two recent studies demonstrate convincingly
that IL-1bpotently induces insulin resistance in
human and rodent adipocytes by interacting
with insulin signaling molecules [Lagathu
et al., 2006; Jager et al., 2007]. Here, IL-1b
inhibits insulin-induced phosphorylation of the
insulin receptor, insulin receptor substrate 1,
protein kinase B, and p44/42 MAP kinase
[Lagathu et al., 2006]. Furthermore, in dif-
ferentiating 3T3-F442A cells, fully differenti-
ated 3T3-L1 cells, as well as human adipocytes,
IL-1b severely reduces expression and secretion
of insulin-sensitizing adiponectin [Lihn et al.,
2004; Lagathu et al., 2006].
We further elucidate in the current study by
which signaling molecules IL-1b induces SAA3
mRNA production in fat cells. Binding of IL-1b
to the extracellular domain of the IL-1 receptor
leads to activation and phosphorylation of IL-1
receptor-associated kinase (IRAK) which, in
turn, stimulates NFkB [Cao et al., 1996; Cooke
et al., 2001]. Activated NFkB translocates in
Fig. 2. Time-dependent stimulation of SAA3 gene expression by IL-1b. Fully differentiated 3T3-L1
adipocytes (A) and BAT (B) were serum-deprived overnight before IL-1b (20 ng/ml) was added for the
indicated periods of time. Total RNA was extracted and subjected to relative real-time RT-PCR determining
SAA3mRNA levels normalized to 36B4 expression relative to untreated control cells (¼100%) as described
in Materials and Methods Section. Results are the means! SE of at least three independent experiments.
**indicates P<0.01, *P<0.05 comparing IL-1b-treated with non-treated cells.
Fig. 3. Dose-dependent stimulation of SAA3mRNAexpression
by IL-1b. 3T3-L1 cells were serum-starved for 6 h before various
concentrations of IL-1b were added for 16 h. Total RNA
was extracted and subjected to relative real-time RT-PCR to
determine SAA3mRNA levels normalized to 36B4 expression as
described in Materials and Methods Section. Data are expressed
relative to untreated control (Con) cells (¼100%). Results are the
means! SEof at least seven independent experiments. **denotes
P< 0.01 and *denotes P<0.05 comparing IL-1b-treated with
non-treated cells.
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the nucleus and acts as a transcription factor
for target genes involved in inflammatory
processes. In the current study,we demonstrate
that IL-1b-mediated upregulation of SAA3
mRNA expression is significantly and com-
pletely reversed by the NFkB inhibitor parthe-
nolide. Thisfinding suggests that IL-1b-induced
SAA3 mRNA synthesis is mediated via NFkB
in adipocytes. Jak2, p44/42MAP kinase, and PI
3-kinase have been implicated in IL-1b signal-
ing besides NFkB [Reddy et al., 1997; Stylianou
and Saklatvala, 1998; Doi et al., 2002]. Here,
inhibition of Jak2 by AG490 reverses IL-1b-
induced SAA3mRNAexpression. Interestingly,
our group has recently shown that Jak2 also
plays an important role in IL-6-stimulated
SAA3 mRNA synthesis [Fasshauer et al.,
2004a] suggesting that Jak2 is a principal
positive regulator of SAA3. In contrast,
pharmacological inhibition of p44/42 MAP kin-
ase and PI 3-kinase does not influence IL-1b-
induced SAA3 expression indicating that both
signalingmolecules areprobablynot involved in
regulation of SAA3. We have recently demon-
strated that both 50 mM PD98059 and 10 mM
LY294002, in fact, effectively block activation of
p44/42 MAP kinase and the PI 3-kinase down-
stream target Akt, respectively [Fasshauer
et al., 2004b]. It has to be pointed out that
in another set of experiments PD98059 and
LY294002 increased basal SAA3 expression
whereas AG490 did not have any effect on
SAA3 synthesis [Fasshauer et al., 2004b].
The discrepancies between the effects of the
pharmacological inhibitors on basal SAA3
gene expression in the two studies remain
unclear at present but most probably arise from
experiment-to-experiment differences.
Interestingly, IL-1b treatment also signi-
ficantly induces mRNA expression and pro-
tein secretion of the adipokines MCP-1 and IL-
6 in 3T3-L1 adipocytes whereas adiponectin
Fig. 4. SAA3mRNA inductionby IL-1b ismediatedvia Jak2 and
NFkB. After serum-starvation for 5 h, 3T3-L1 adipocytes were
cultured in the presence or absence of AG490 (AG, 10 mM),
parthenolide (Part, 50 mM), PD98059 (PD, 50 mM), or LY294002
(LY, 10 mM) for 1 h before IL-1b (20 ng/ml) was added for 16 h
(A,B) and 2 h (C,D). Total RNA was extracted and subjected to
relative real-time RT-PCR to determine SAA3 normalized to
36B4 expression as described in Materials andMethods Section.
Data are expressed relative to non-treated control (Con) cells
(¼100%). Results are themeans! SE of at least four independent
experiments. ** denotes P<0.01, *denotes P< 0.05 comparing
untreated with inhibitor-pretreated (A,C) or IL-1b-treated cells
(B,D), as well as comparing IL-1b-treated with inhibitor-
pretreated adipocytes (B,D).
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mRNA synthesis is significantly inhibited
by the cytokine (data not shown). These data
indicate that IL-1b is amultifunctional cytokine
regulating the expression and secretion of
several adipokines in fat cells.
Taken together, the current study shows
for the first time that the proinflammatory
and insulin resistance-inducing cytokine IL-1b
potently stimulates SAA3 expression in murine
adipocytes.
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Lipocalin-2 Is Induced by Interleukin-1b in Murine
Adipocytes In Vitro
Grit Sommer,1 Sebastian Weise,1 Susan Kralisch,1,2 Ulrike Lossner,1 Matthias Bluher,1
Michael Stumvoll,1 and Mathias Fasshauer1,2*
1Department of Internal Medicine III, University of Leipzig, 04103 Leipzig, Germany
2Interdisciplinary Center for Clinical Research (IZKF) Leipzig, 04103 Leipzig, Germany
ABSTRACT
Lipocalin-2 (Lcn2) has recently been isolated as an adipocyte-secreted acute phase reactant that plays a role in insulin resistance, obesity, and
atherosclerotic disease. In the current study, we determined regulation of Lcn2 by the proinflammatory and insulin resistance-inducing
cytokine interleukin (IL)-1b in 3T3-L1 and brown adipocytes by relative real-time reverse transcription-polymerase chain reaction.
Interestingly, IL-1b dramatically induced Lcn2 mRNA in both adipocyte models. Furthermore, Lcn2 protein secretion was dramatically
upregulated in 3T3-L1 adipocytes after 24 h of IL-1b treatment. Experiments using pharmacological inhibitors indicated that IL-1b-induced
Lcn2 expression is mediated via nuclear factor kB and janus kinase 2. Taken together, our results show an upregulation of Lcn2 by IL-1b in fat
cells implicating a potential role of this adipocyte-secreted acute phase reactant in the development of insulin resistance, obesity, and
associated disorders including cardiovascular disease. J. Cell. Biochem. 106: 103–108, 2009. ! 2008 Wiley-Liss, Inc.
KEY WORDS: 3T3-L1 ADIPOCYTE; ADIPOKINE; INTERLEUKIN-1b; LIPOCALIN-2
O besity is associated with dysregulation of adipocyte-secretedfactors so-called adipokines. Furthermore, these bioactive
molecules have been suggested to link insulin resistance, obesity,
and cardiovascular disease (CVD). Among those, the cytokines
tumor necrosis factor (TNF) a and interleukin (IL)-6 induce insulin
resistance [Hotamisligil et al., 1993; Fasshauer and Paschke, 2003],
whereas the insulin-sensitizer adiponectin is an anti-atherogenic
fat-secreted factor [Yamauchi et al., 2001; Ouchi et al., 2003].
Recently, lipocalin-2 (Lcn2) has been introduced as a novel
adipokine which might contribute to obesity, insulin resistance, and
associated CVD [Wang et al., 2007; Yan et al., 2007]. Lcn2, also
termed SIP24/24p3 [Flower et al., 1991; Liu and Nilsen-Hamilton,
1995] and neutrophil gelatinase-associated lipocalin [Kjeldsen et al.,
1993], belongs to the large family of lipocalins which show high
affinity for small hydrophobic ligands such as steroids and
pheromones [Flower et al., 1993; Akerstrom et al., 2000]. It is
interesting to note in this context that retinol-binding protein-4,
another member of the lipocalin superfamily, has recently been
characterized as an adipocyte-secreted protein that impairs glucose
metabolism and insulin sensitivity [Yang et al., 2005]. Wang et al.
[2007] detected elevated Lcn2 plasma concentrations and mRNA
expression in adipose tissue and liver of obese mice as compared to
lean controls. In accordance with these findings, upregulation of
Lcn2 was shown in multiple rodent models of obesity by Yan et al.
[2007]. Circulating Lcn2 concentrations in humans positively and
significantly correlated with adiposity, hypertriglyceridemia,
hyperglycemia, and insulin resistance, whereas a negative correla-
tion was found with high density lipoprotein cholesterol [Wang
et al., 2007]. Increased Lcn2 levels in humans were normalized after
rosiglitazone treatment in vivo [Wang et al., 2007] and down-
regulation of Lcn2 by thiazolidinediones could also be demonstrated
in fat cells in vitro [Yan et al., 2007]. Most interestingly, forced
reduction of Lcn2 by retrovirus-delivered short hairpin RNA
significantly improved insulin action in 3T3-L1 adipocytes [Yan
et al., 2007]. Furthermore, Yan et al. [2007] identified Lcn2 as a
factor dramatically induced by glucocorticoids and TNFa in 3T3-L1
cells indicating that Lcn2 might mediate insulin resistance-inducing
effects of both hormones. Besides insulin sensitivity, Lcn2 might
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also influence atherosclerotic disease. Thus, Hemdahl et al. [2006]
reported a co-localization of Lcn2 with matrix metalloproteinase-9,
an important mediator of vascular remodeling and plaque instability
in atherosclerosis, with macrophages in atherosclerotic plaques, as
well as with areas showing high proteolytic plaque activity. In
addition, convincing evidence has been presented that Lcn2 serum
levels are elevated in patients with coronary heart disease as
compared to controls [Choi et al., 2008].
Recently, IL-1b has been introduced as a novel adipokine
impairing insulin sensitivity and inducing proinflammatory gene
expression in various tissues similar to TNFa [Lagathu et al., 2006;
Jager et al., 2007]. However, the effect of this cytokine on expression
of Lcn2 in fat cells has not been elucidated so far. Therefore, we
determined regulation of Lcn2 by IL-1b in adipocytes in the current
study.
MATERIALS AND METHODS
MATERIALS
Cell culture reagents were obtained from Life Technologies, Inc.
(Grand Island, NY) and PAA (Pasching, Austria), oligonucleotides
from MWG-Biotech (Ebersberg, Germany). IL-1b, insulin, and
isobutylmethylxanthine were purchased from Sigma Aldrich
(Steinheim, Germany). AG490, BAY 11-7082, LY294002, MG-
132, parthenolide, and PD98059 were from Calbiochem (Bad Soden,
Germany). Anti-mouse Lcn2 antibody was obtained from R&D
Systems (Wiesbaden-Nordenstadt, Germany) and anti-mouse adi-
ponectin antibody was from Cell Signaling Technology (Danvers,
MA).
CULTURE AND DIFFERENTIATION OF 3T3-L1 AND BROWN
ADIPOCYTES (BAT)
3T3-L1 cells (American Type Culture Collection, Rockville, MD) were
cultured as previously described [Fasshauer et al., 2004a].
Furthermore, the same protocol was used to culture immortalized
brown preadipocytes [Fasshauer et al., 2000]. In brief, preadipocytes
were grown to confluence in DMEM containing 25 mM glucose
(DMEM-H), 10% fetal bovine serum, and antibiotics (culture
medium). After this period, cells were induced for 3 days in culture
medium further supplemented with 1 mM insulin, 0.5 mM
isobutylmethylxanthine, and 0.1 mM dexamethasone. Subse-
quently, they were grown for 3 days in culture medium with
1 mM insulin and for additional 3–6 more days in culture medium.
Various effectors were added to cells starved in DMEM-H only for
the indicated periods of time. At the time of the stimulation
experiments at least 95% of the cells had accumulated fat droplets.
ANALYSIS OF Lcn2 PROTEIN EXPRESSION
Detection of Lcn2 secretion by Western blotting was performed
essentially as described previously [Fasshauer et al., 2001b]. Briefly,
equal amounts of 3T3-L1 culture medium supernatant were directly
solubilized in Laemmli sample buffer, boiled for 3 min, separated by
14% SDS–PAGE, and transferred to nitrocellulose membranes.
Membranes were blocked in TBS (10 mM Tris, 150 mM NaCl, 0.05%
Tween, pH 7.2) containing 3% bovine serum albumin for 30 min and
incubated with Lcn2 antibody overnight at 48C. Specifically bound
primary antibodies were detected with enhanced chemilumines-
cence. The same blots were re-probed with anti-mouse adiponectin
antibody.
ANALYSIS OF Lcn2 MRNA
Lcn2 mRNA was quantified by relative real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR) in a fluorescent tempera-
ture cycler (ABI Prism 7000, Applied Biosystems, Darmstadt,
Germany) as described previously [Fasshauer et al., 2001a]. Briefly,
total RNAwas isolated from both 3T3-L1 and brown adipocytes with
TRIzol reagent (Invitrogen, Life Technologies, Inc.) and 1 mg RNA
was reverse transcribed using standard reagents (Invitrogen, Life
Technologies, Inc.). Two microliters of each RT reaction was
amplified in a PCR with a total volume of 26 ml. After initial
denaturation at 958C for 10 min, 40 PCR cycles were performed
using the following conditions: 958C for 15 s, 608C for 1 min, and
728C for 1 min. The following primer pairs were used: Lcn2
(accession no. NM_008491), 50-ATCCCTGCCCCATCTCTGCTC-30
(sense) and 50-GTACCACCTGCCCCGGAACTGAT-30 (antisense);
36B4 (accession no. NM_007475) 50-aagcgcgtc ctggcattgtct-30
(sense) and 50-ccgcaggggcagcagtggt-30 (antisense) as described
previously [Laborda, 1991; Yan et al., 2007]. SYBR Green I
fluorescence emissions were monitored after each cycle and
synthesis of Lcn2 and 36B4 mRNA was quantified using the second
derivative maximum method of the ABI Prism 7000 software
(Applied Biosystems). In brief, crossing points of individual samples
were determined by an algorithm identifying the first turning point
of the fluorescence curve. 36B4 was used as internal control due to
its resistance to hormonal regulation [Laborda, 1991], and Lcn2
expression was calculated relative to 36B4. Specific transcripts were
confirmed by melting curve profiles (cooling the sample to 688C and
heating slowly to 958C with measurement of fluorescence) at the end
of each PCR and the specificity of the PCR was further verified by
subjecting the amplification products to agarose gel electrophoresis.
STATISTICAL ANALYSIS
Results are shown as mean" SE. Differences between various
treatments were analyzed by Mann–Whitney U-tests with P values
<0.01 considered highly significant and <0.05 considered
significant.
RESULTS
Lcn2 PROTEIN SECRETION IS INDUCED BY IL-1b
Lcn2 protein secretion was quantified in supernatants of differ-
entiated 3T3-L1 cells in the presence and absence of 20 ng/ml IL-1b
for 8 and 24 h. Interestingly, IL-1b induced Lcn2 but not adiponectin
protein secretion dramatically after 24 h of treatment as compared to
control conditions (Fig. 1).
Lcn2 mRNA EXPRESSION IS INDUCED TIME- AND
DOSE-DEPENDENTLY BY IL-1b
Treatment with 20 ng/ml IL-1b rapidly increased Lcn2 mRNA
expression in a time-dependent manner in both differentiated
3T3-L1 adipocytes (Fig. 2A) and BAT (Fig. 2B). Thus, in 3T3-L1
adipocytes significant 23-fold upregulation of Lcn2 mRNA
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synthesis was seen after 2 h of IL-1b stimulation (P< 0.01) and
maximal more than 1,500-fold induction after 24 h of effector
addition (P< 0.01) (Fig. 2A). Furthermore, IL-1b upregulated Lcn2
gene expression in BAT with significant maximal 153-fold
stimulation detectable 24 h after effector addition (P< 0.05)
(Fig. 2B).
In addition, IL-1b induced Lcn2 synthesis in a dose-dependent
manner after 16 h of treatment in 3T3-L1 adipocytes (Fig. 3). Here,
significant 27-fold stimulation was observed at IL-1b concentra-
tions as low as 0.02 ng/ml (P< 0.01), and maximal 193-fold
(P< 0.01) upregulation was seen at 6.7 ng/ml effector (Fig. 3).
NUCLEAR FACTOR kB AND JANUS KINASE 2 MEDIATE THE EFFECT
OF IL-1b ON Lcn2 EXPRESSION
We elucidated which molecules implicated in IL-1b signaling might
mediate the positive effect of IL-1b on Lcn2 expression. To this end,
3T3-L1 cells were treated for 1 h with specific pharmacological
inhibitors of janus kinase (Jak) 2 (AG490, 10 mM), nuclear factor kB
(NFkB) (parthenolide, 50 mM), p44/42 mitogen-activated protein
(MAP) kinase (PD98059, 50 mM), and phosphatidylinositol (PI) 3-
kinase (LY294002, 10 mM) before IL-1b (20 ng/ml) was added for
16 h. Treatment of 3T3-L1 adipocytes with AG490 and PD98059 for
17 h significantly downregulated basal Lcn2 expression to 86%
(P< 0.01) and to 88% (P< 0.05) of control levels, respectively,
while parthenolide and LY294002 did not significantly influence
basal Lcn2 mRNA synthesis (Fig. 4A). Again, Lcn2 expression was
significantly increased 880-fold after 16 h of IL-1b treatment
(P< 0.01) (Fig. 4A). This induction was significantly reversed by
more than 92% and 99% in cells pretreated with the Jak2 inhibitor
AG490 and the NFkB inhibitor parthenolide (P< 0.01), respectively
(Fig. 4A). In contrast, PD98059 and LY294002 did not significantly
influence IL-1b-stimulated Lcn2 expression (Fig. 4A).
Furthermore, experiments with two additional NFkB inhibitors
(MG-132, 50 mM and BAY 11-7082, 100 mM) were performed. Here,
treatment of 3T3-L1 adipocytes with MG-132 for 17 h significantly
suppressed basal Lcn2 expression to 24% of control levels (P< 0.01)
(Fig. 4B). In contrast, treatment of 3T3-L1 adipocytes with BAY 11-
7082 for 17 h did not significantly influence basal Lcn2 mRNA
synthesis (Fig. 4B). Again, Lcn2 expression was increased by more
Fig. 1. Stimulation of Lcn2 protein secretion by IL-1b. Fully differentiated
3T3-L1 adipocytes were serum-deprived overnight before IL-1b (20 ng/ml)
was added for the indicated periods of time. Equal amounts of supernatant
were directly solubilized in Laemmli buffer, separated and immunoblotted with
anti-mouse Lcn2 antibody as described in Materials and Methods Section. The
same blots were re-probed with anti-mouse adiponectin antibody. A repre-
sentative blot of four independent experiments is shown.
Fig. 2. Time-dependent stimulation of Lcn2 gene expression by IL-1b. Fully
differentiated (A) 3T3-L1 adipocytes and (B) BAT were serum-deprived over-
night before IL-1b (20 ng/ml) was added for the indicated periods of time.
Total RNA was extracted and subjected to relative real-time RT-PCR determin-
ing Lcn2 mRNA levels normalized to 36B4 expression relative to untreated
control cells which are set 100% as described in Materials and Methods
Section. Results are the means" SE of at least (A) six and (B) four independent
experiments. ##P< 0.01, #P< 0.05 comparing IL-1b-treated with non-treated
cells.
Fig. 3. Dose-dependent stimulation of Lcn2 mRNA expression by IL-1b.
3T3-L1 cells were serum-starved for 6 h before various concentrations of
IL-1b were added for 16 h. Total RNA was extracted and subjected to relative
real-time RT-PCR to determine Lcn2 mRNA levels normalized to 36B4 expres-
sion as described in Materials and Methods Section. Data are expressed relative
to untreated control (Con) cells which are set 100%. Results are the
means" SE of at least six independent experiments. ##P< 0.01 comparing
IL-1b-treated with non-treated cells.
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than 300-fold after 16 h of IL-1b treatment (P< 0.01) (Fig. 4B). This
induction was significantly reversed by more than 96% and 98% in
cells pretreated with BAY 11-7082 (P< 0.05) and MG-132
(P< 0.01), respectively (Fig. 4B).
DISCUSSION
Convincing evidence has been presented that blockade of IL-1 by
anakinra improves glycemic control and reduces markers of
systemic inflammation in humans [Larsen et al., 2007]. In the
current study, we demonstrate for the first time that Lcn2 mRNA
expression is significantly induced by IL-1b in 3T3-L1 adipocytes in
vitro. Interestingly, IL-1b is also an inductor of Lcn2 mRNA
synthesis in murine differentiated BAT. These results support the
notion that IL-1b is a principal positive regulator of Lcn2 mRNA
expression in fat cells. Recently, Yan et al. [2007] have shown that
insulin resistance-inducing glucocorticoids and TNFa significantly
upregulate Lcn2 in fat cells similar to results in our laboratory (data
not shown). In the current study, we extend these findings by
demonstrating that IL-1b is another strong inductor of Lcn2 in fat
cells. Furthermore, our findings suggest that adipocyte-derived Lcn2
might contribute to IL-1b-induced insulin resistance and CVD.
However, it has to be pointed out that other mechanisms probably
also contribute. Thus, two recent studies demonstrate convincingly
that IL-1b potently induces insulin resistance in human and rodent
fat cells by interacting with insulin signaling molecules including
insulin receptor, insulin receptor substrate 1, protein kinase B,
and p44/42 MAP kinase [Lagathu et al., 2006; Jager et al., 2007].
Furthermore, reduced expression and secretion of insulin-
sensitizing and anti-inflammatory adiponectin are found after
treatment with IL-1b in differentiating 3T3-F442A cells, fully
differentiated 3T3-L1 cells, as well as human adipocytes [Lihn et al.,
2004; Lagathu et al., 2006]. Moreover, we have recently demon-
strated that IL-1b is a potent inductor of the acute phase reactant,
insulin resistance-associated protein serum amyloid A3 in murine
adipocytes in vitro [Sommer et al., 2008].
The influence of IL-1b on Lcn2 has not been studied in adipocytes
before. However, it has been shown that IL-1b is a positive regulator
Fig. 4. Lcn2 mRNA induction by IL-1b is mediated via NFkB and Jak2. After serum-starvation, 3T3-L1 adipocytes were cultured in the presence or absence of (A) AG490 (AG,
10 mM), parthenolide (part, 50 mM), PD98059 (PD, 50 mM), or LY294002 (LY, 10 mM) and (B) MG-132 (MG, 50 mM) and BAY 11-7082 (BAY, 100 mM) for 1 h before IL-1b
(20 ng/ml) was added for 16 h. Total RNA was extracted and subjected to relative real-time RT-PCR to determine Lcn2 normalized to 36B4 expression as described in Materials and
Methods Section. Data are expressed relative to non-treated control (Con) cells which are set 100%. Results are the means" SE of (A) 15 and (B) 5 independent experiments.
##P< 0.01, #P< 0.05 comparing untreated with inhibitor-pretreated or IL-1b-treated cells, as well as comparing IL-1b-treated with inhibitor-pretreated adipocytes.
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of Lcn2 in other cell types. Thus, Cowland et al. [2003, 2006]
demonstrate convincingly that IL-1b upregulates Lcn2 expression
in the lung epithelium cell line A549 by induction of NFkB binding
to the Lcn2 promoter. Furthermore, mRNA production and protein
expression of Lcn2 are induced in a NFkB-dependent manner in
vascular smooth muscle cells in response to IL-1b stimulation [Bu
et al., 2006]. These results support the hypothesis that IL-1b is not
only an important inductor of Lcn2 expression in fat cells but also in
other cell types.
In the current study, we further determine by which molecules IL-
1b induces Lcn2 synthesis. The main signaling pathways of IL-1b
have been elucidated in more detail in recent years. Thus, IL-1b-
mediated stimulation of the IL-1 receptor 1 leads to subsequent
activation and phosphorylation of IL-1 receptor-associated kinase
[Cao et al., 1996; Cooke et al., 2001]. Downstream signaling events
include activation of NFkB, which, in turn, translocates into the
nucleus leading to induction of target genes and production of
proinflammatory cytokines and chemokines [Cao et al., 1996; Cooke
et al., 2001]. We show that pharmacological inhibition of NFkB by
parthenolide, MG-132, and BAY 11-7082 significantly reverses IL-
1b-mediated upregulation of Lcn2 mRNA expression suggesting
that this signaling molecule plays a major role in IL-1b-induced
Lcn2 mRNA synthesis. Furthermore, the NFkB activator TNFa
induces Lcn2 mRNA expression in 3T3-L1 adipocytes (data not
shown) in accordance with previous findings [Yan et al., 2007].
Besides NFkB, IL-1b stimulates signaling molecules including
Jak2, p44/42 MAP kinase, and PI 3-kinase [Doi et al., 2002]. Here,
inhibition of Jak2 by AG490 significantly reverses IL-1b-induced
Lcn2 mRNA expression indicating that this signaling molecule also
plays a role in Lcn2 induction. In contrast, p44/42 MAP kinase and
PI 3-kinase probably do not mediate IL-1b-stimulated Lcn2
expression since pharmacological inhibition of either molecule
does not significantly influence IL-1b-stimulated Lcn2 synthesis.
However, a minor influence of PD98059 and LY294002 on IL-1b-
induced Lcn2 cannot be ruled out even after 15 independent
experiments due to relatively high experiment-to-experiment
differences. We have recently demonstrated in 3T3-L1 adipocytes
that both 50 mM PD98059 and 10 mM LY294002, in fact, effectively
block activation of p44/42 MAP kinase and the PI 3-kinase
downstream target Akt, respectively [Fasshauer et al., 2004b].
It has to be pointed out that the experiment-to-experiment
differences in IL-1b-induced Lcn2 expression are high which is most
probably due to low mRNA expression of this adipokine in 3T3-L1
adipocytes in the basal state. Since this basal state is set 100%, the
extent of upregulation of the adipokine by IL-1b is quite different
between independent experiments. Here, evaluation of the copy
number of Lcn2 mRNA could help to define whether Lcn2
expression values are similar between independent IL-1b treat-
ments. Similarly, Lcn2 protein secretion cannot be detected in the
basal state whereas a dramatic upregulation is seen after 24 h of IL-
1b treatment. However, it has to be pointed out that Lcn2 protein
secretion per cellular protein reaches similar values from one
experiment to another in IL-1b-stimulated cells in the current study.
Taken together, we show for the first time that proinflammatory
IL-1b is a potent stimulator of Lcn2 expression in adipocytes in vitro
and that this upregulation is mediated via NFkB and Jak2. Our
findings support the notion that expression of Lcn2 in adipose tissue
may constitute an important element in the pathophysiology of
insulin resistance and associated metabolic, proinflammatory, and
cardiovascular disorders. It needs to be determined in future studies
whether IL-1b also increases circulating Lcn2 levels in vivo by
upregulation of the adipokine in fat cells.
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Chemerin has recently been characterized as a novel adipokine playing a crucial role in adipocyte
differentiation and insulin signalling. In the current study, the impact of insulin resistance-inducing and
proinflammatory interleukin (IL)-1ß on chemerin protein secretion and mRNA expression was determined in
3T3-L1 adipocytes. Interestingly, IL-1ß significantly induced chemerin protein secretion almost 1.3-fold from
5.89 ng/ml (basal) to 7.52 ng/ml. Furthermore, chemerin mRNA synthesis was significantly stimulated by IL-
1ß in a dose-dependent fashion with 1.5-fold induction seen at IL-1ß concentrations as low as 0.07 ng/ml
and maximal 2.6-fold upregulation found at 2 ng/ml effector. Induction of chemerin mRNA by IL-1ß was
time-dependent in both 3T3-L1 adipocytes and brown fat cells. Signalling studies suggested that Janus kinase
2, nuclear factor κ B, p44/42 mitogen-activated protein kinase, and phosphatidylinositol 3-kinase are
involved in IL-1ß-induced chemerin mRNA expression. Furthermore, recombinant chemerin downregulated
insulin-stimulated glucose uptake. Taken together, we show that chemerin is upregulated in fat cells by IL-1ß
and might modulate the effects of IL-1ß on adipocyte metabolism and insulin sensitivity.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The molecular mechanisms that link obesity and insulin resistance
have not been completely understood yet and are subject of intensive
research. Growing evidence suggests that obesity, insulin resistance,
and type 2 diabetes mellitus (T2DM) are accompanied by a state of
subclinical inflammation [1]. Thus, elevated serum concentrations and
adipose tissue expression of proinflammatory tumor necrosis factor
(TNF)α and interleukin (IL)-6 are found in insulin resistant and obese
patients, as well as in subjects with T2DM [2–4]. Furthermore, both
cytokines potently induce insulin resistance in adipocytes in vitro [5,6].
Recently, IL-1β has been characterized as a novel fat-derived
adipokine with insulin resistance-inducing and proinflammatory
properties [7–9]. Thus, chronic IL-1ß treatment impaired insulin-
induced glucose transporter 4 translocation to the plasma membrane
through down-regulation of insulin receptor substrate (IRS)-1 [7] and
reduced insulin-induced glucose transport and lipogenesis [8].
Furthermore, chronic incubation of 3T3-L1 adipocytes with IL-1α
induced suppressor of cytokine signalling-1 and -3 [10] which are
well-established inhibitors of insulin signal transduction [11]. In
addition, IL-1ß dramatically reduced production of the insulin-
sensitizing and antiatherogenic adipokine adiponectin in 3T3-L1
adipocytes and in human primary adipocytes [8]. Moreover, we have
recently demonstrated that IL-1β is a potent inductor of insulin
resistance-associated circulating proteins including serum amyloid
A3, tissue inhibitor of metalloproteinase-1, and lipocalin-2 in murine
adipocytes in vitro [12–14]. Consistent with these findings, IL-1
receptor (IL-1R)-deficient nonobese diabetic mice developed diabetes
mellitus significantly slower than control mice [15]. Furthermore, it
has been shown that blockage of IL-1 signalling with anakinra, a
recombinant human IL-1R antagonist, improved glycemic control in
patients with T2DM most likely through improved secretory function
of β-cells [16]. Interestingly, IL-1ß mRNA is upregulated in adipose
tissue of insulin resistant animalmodels such as leptin-deficient ob/ob
mice and mice on high-fat diet [8].
Taking these studies into consideration, identification and char-
acterization of downstream signalling molecules of IL-1ß in adipo-
cytes have become a focus of current research since novel
pharmacological targets for the treatment of obesity and associated
diseases including insulin resistance, T2DM, and hypertension might
be derived from these studies. In the current study, we examined the
effect of IL-1β on chemerin, a novel adipokine associated with obesity
and the metabolic syndrome [17–19].
2. Materials and methods
2.1. Materials
AG490, isobutylmethylxanthine, LY294002, parthenolide,
PD98059 were obtained from Calbiochem (Bad Soden, Germany)
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and insulin from Roche Molecular Biochemicals (Mannheim, Ger-
many). IL-1ß was obtained from Sigma Aldrich (Steinheim, Germany),
chemerin from R&D systems (Wiesbaden-Nordenstadt, Germany),
and 2-deoxy-[3H]-glucose from GE Healthcare Europe GmbH
(Munich, Germany). Cell culture reagents were purchased from PAA
(Pasching, Austria), oligonucleotides from MWG-Biotech (Ebersberg,
Germany).
2.2. Culture and differentiation of 3T3-L1 and brown adipocytes (BAT)
Immortalized brown preadipocytes and 3T3-L1 cells (American
Type Culture Collection, Rockville, MD) were cultured as previously
described [20,21]. In brief, preadipocytes were grown to confluence in
DMEM containing 25mM glucose (DMEM-H),10% fetal bovine serum,
and antibiotics (culturemedium). After this period, cells were induced
for 3 days in culture medium further supplemented with 1 μM insulin,
0.5 mM isobutylmethylxanthine, and 0.1 μM dexamethasone. Subse-
quently, they were grown for 3 days in culture medium with 1 μM
insulin and for additional 3–6 days in culture medium. Various
effectors were added to cells starved in DMEM-H only for the
indicated periods of time. At the time of the stimulation experiments
at least 95% of the cells had accumulated fat droplets.
2.3. Analysis of chemerin protein secretion
Quantification of chemerin protein secretion into 3T3-L1 cell
culture supernatants was performed with a commercially available
enzyme-linked immunoassay (ELISA) from Millipore (Billerica, MA)
according to the manufacturer's instructions.
2.4. Analysis of chemerin mRNA production
ChemerinmRNAsynthesiswasdeterminedbyquantitative real-time
RT–PCR in a fluorescent temperature cycler (ABI Prism 7000, Applied
Biosystems, Darmstadt, Germany) as described previously [22]. Briefly,
total RNA was isolated from 3T3-L1 adipocytes and BAT with TRIzol
reagent (Invitrogen, Life Technologies, Inc., Carlsbad, CA) and 1 µg RNA
was reverse transcribed using standard reagents (Invitrogen, Life
Technologies, Inc., Carlsbad, CA). 2 µl of each RT reaction was amplified
in a 26µl PCR. After initial denaturation at 95 °C for 10min, 40 PCR cycles
were performed using the following conditions: 95 °C for 15 s, 60 °C for
1 min, and 72 °C for 1 min. The following primer pairs were used:
chemerin (accessionno.NM_027852.2)TACAGGTGGCTCTGGAGGAGTTC
(sense) and CTTCTCCCGTTTGGTTTGATTG (antisense); 36B4 (accession
Fig. 1. Chemerin protein secretion is upregulated by IL-1ß. Fully differentiated 3T3-L1
adipocytes were serum-deprived overnight before IL-1ß (20 ng/ml) was added for 24 h.
After this period, chemerin protein levels in the supernatants were determined as
described in Materials and methods. Results are the means±SE of 4 independent
experiments. Con, control cells cultured for 24 h in the absence of IL-1ß. ⁎pb0.05.
Fig. 2. Dose-dependent stimulation of chemerin gene expression by IL-1ß. 3T3-L1
adipocytes were serum-starved for 6 h before the indicated concentrations ofIL-1ßwere
added for 16 h. Total RNA was isolated and chemerin mRNA expression normalized to
36B4 was determined by quantitative real-time RT–PCR as described in Materials and
methods. Data are given relative to untreated control (Con) cells (=100%). Results are
the means±SE of seven independent experiments. ⁎pb0.05 comparing IL-1ß-treated
with non-treated cells.
Fig. 3. Time-dependent induction of chemerin synthesis by IL-1ß. Fully differentiated
(A) 3T3-L1 adipocytes and (B) BAT were serum-deprived overnight before 20 ng/ml IL-
1ß was added for the indicated periods of time. After total RNA extraction, chemerin
synthesis normalized to 36B4 mRNAwas determined by quantitative real-time RT–PCR
and expressed relative to untreated controls (=100%) as described in Materials and
methods. Results are the means±SE of at least three independent experiments.
⁎pb0.05 comparing IL-1ß-treated with untreated control cells.
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no. NM007475) AAGCGCGTCCTGGCATTGTCT (sense) and CCGCAGGGG-
CAGCAGTGGT (antisense) as described previously [18,23]. SYBR Green I
fluorescence emissionsweremonitored after each cycle and synthesis of
chemerin and 36B4 mRNA was quantified using the second derivative
maximummethod of the ABI Prism 7000 software (Applied Biosystems,
Darmstadt, Germany). This method determines the crossing points of
individual samples by an algorithm identifying the first turning point of
the fluorescence curve. Chemerin expression was calculated relative to
36B4 which was used as an internal control due to its resistance to
hormonal regulation [23]. Specific transcripts were confirmed by
melting curve profiles (cooling the sample to 68 °C and heating slowly
to 95 °C with measurement of fluorescence) at the end of each PCR and
the specificity of the PCR was further verified by subjecting the
amplification products to agarose gel electrophoresis.
2.5. Glucose uptake assays
Cells were assayed for glucose uptake essentially as described [24].
Differentiated monolayers of 3T3-L1 adipocytes in serum-free
medium were pretreated for 49 h with 10 µM chemerin and for
48 hwith 20 ng/ml IL-1ß before 100 nM insulinwas added for another
30 min. At the end of the stimulation period, cells were exposed to
0.5 µCi/ml 2-deoxy-[3H]-glucose (final concentration) for 3 min. The
incorporated radioactivity was determined by liquid scintillation
counting of triplicate points.
2.6. Statistical analysis
Results are expressed as mean±SE. Unpaired Student's t test was
used for single comparisons whereas 1-way and 2-way ANOVA was
performed in case of multiple comparisons. p valuesb0.05 are
considered significant.
3. Results
3.1. IL-1ß is a stimulator of chemerin protein secretion
IL-1ß (20 ng/ml) significantly increased chemerin secretion into
the cell culture supernatants after 24 h of treatment almost 1.3-fold
from 5.89 ng/ml (basal) to 7.52 ng/ml (pb0.05) (Fig. 1).
3.2. IL-1ß stimulates chemerin mRNA in 3T3-L1 adipocytes and BAT
In 3T3-L1 cells, IL-1ß stimulated chemerin gene expression in a
dose-dependent fashion. Thus, a significant 1.5-fold induction of
chemerin mRNA synthesis was detectable at IL-1ß concentrations as
low as 0.07 ng/ml (pb0.05) (Fig. 2). A maximal 2.6-fold increase was
found at 2 ng/ml of the cytokine (pb0.05) (Fig. 2). Furthermore, 20ng/
ml IL-1ß upregulated chemerin mRNA time-dependently in both
differentiated 3T3-L1 adipocytes (Fig. 3A) and BAT (Fig. 3B). Thus, in
3T3-L1 adipocytes significant maximal 2.2-fold upregulation of
chemerin mRNA synthesis was seen after 8 h of IL-1β stimulation
(pb0.05) and significant upregulation persisted for up to 24 h
(pb0.05) (Fig. 3A). In BAT, IL-1β upregulated chemerin gene expres-
sionwith significant 2.4-fold stimulation detectable as soon as 1 h after
effector addition (pb0.05) (Fig. 3B).
3.3. Signalling molecules mediating induction of chemerin by IL-1ß
We elucidated which signalling molecules might mediate the
positive effect of IL-1ß on chemerin expression. To this end, 3T3-L1
adipocytes were pretreated with specific pharmacological inhibitors
of Janus kinase (Jak) 2 (AG490, 10 µM), nuclear factor κ B (NFκB)
(parthenolide, 50 µM), p44/42 mitogen-activated protein (MAP)
kinase (PD98059, 50 µM), or phosphatidylinositol (PI) 3-kinase
(LY294002, 10 µM) for 1 h before IL-1ß (20 ng/ml) was added for
16 h. Treatment of 3T3-L1 adipocytes with AG490 for 17 h significantly
suppressed basal chemerin expression to 53% of control levels
(pb0.05) (Fig. 4). Similarly, the NFκB inhibitor parthenolide and the
PI 3-kinase inhibitor LY294002 significantly suppressed basal che-
merin expression to 30% and 59% of control levels, respectively (Fig. 4).
In contrast, treatment of 3T3-L1 adipocytes with the p44/42 MAP
kinase inhibitor PD98059 for 17 h did not significantly influence basal
chemerin mRNA synthesis (Fig. 4). Again, chemerin expression was
increased more than 2-fold after 16 h of IL-1ß treatment (pb0.05)
(Fig. 4). This inductionwas completely reversed to 47% of control levels
in cells pretreated with the Jak2 inhibitor AG490 (pb0.05) (Fig. 4).
Similarly, IL-1ß-induced chemerin mRNA induction was completely
blocked to 38% of untreated controls after pharmacological inhibition
of NFκB by parthenolide (pb0.05) (Fig. 4). Furthermore, inhibition
of p44/42 MAP kinase by PD98059 and PI 3-kinase by LY294002
significantly reversed IL-1ß-induced chemerin mRNA synthesis
(pb0.05) (Fig. 4).
Fig. 5. Insulin-induced glucose uptake is inhibited by chemerin. 3T3-L1 adipocytes were
serum-starved and pretreated with chemerin (10 µM) for 49 h and IL-1ß (20 ng/ml) for
48 h. After this period, cells were stimulatedwith insulin (100 nM) for 30min. 2-deoxy-
[3H]-glucose (2-DOG) uptake is presented relative to insulin-induced glucose transport
(100%). Results are the means±SE of three independent experiments. ⁎pb0.05 as
compared with insulin treatment alone.
Fig. 4. IL-1ß-induced chemerin mRNA expression is mediated via Jak2, NFκB, p44/42
MAP kinase, and PI 3-kinase. After serum-starvation for 5 h, 3T3-L1 adipocytes were
maintained in the presence or absence of AG490 (AG, 10 μM), parthenolide (Part,
50 µM), PD98059 (PD, 50 μM), or LY294002 (LY, 10 μM) for 1 h before IL-1ß (20 ng/ml)
was added for 16 h. After extraction of total RNA, quantitative real-time RT–PCR was
performed as described in Materials and methods. Chemerin gene expression normal-
ized to 36B4 is given relative to untreated control (Con) cells (=100%). Results are the
means±SE of seven independent experiments. ⁎pb0.05 comparing untreated with
inhibitor-pretreated or IL-1ß-treated cells, as well as comparing IL-1ß-treated with
inhibitor-pretreated adipocytes.
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3.4. Insulin-stimulated glucose uptake is inhibited by chemerin
The effect of IL-1ß and chemerin on insulin-stimulated glucose uptake
was assessed in 3T3-L1 adipocytes. IL-1ß (20 ng/ml) treatment for 48 h
did not significantly influence insulin-stimulated glucose transport in our
experimental setting (Fig. 5). In contrast, chemerin (10 µM) addition for
49 h significantly downregulated insulin-stimulated glucose uptake by
24% (pb0.05) (Fig. 5).
4. Discussion
Chemerin also known as retinoic acid receptor responder 2 and
tazarotene-induced gene 2, has been isolated as a natural ligand for the
orphan G-coupled receptor chemokine-like receptor (CMKLR) 1 in 2003
[25]. Most recently, chemerin has been identified as a novel adipocyte-
derived factor by four independent groups [17–19,26]. Thus, both
chemerin and CMKLR1 are expressed in adipose tissue in rodents and
chemerin is induced during differentiation of 3T3-L1 adipocytes [17–
19,26]. Evidence has been presented that chemerin is linked to facets of
the metabolic syndrome. Thus, plasma chemerin levels are significantly
associated with body mass index, circulating triglycerides, and blood
pressure in glucose tolerant human subjects [17]. Furthermore, increased
white adipose tissue chemerin expression in diabetic Psammomys obesus
and mice on high fat diet has been shown in two studies [17,19]. In
contrast, BAT but not white adipose tissue chemerin mRNA synthesis is
increased in ob/obmice [18].
In the current study, we show for the first time that IL-1ß induces
chemerin mRNA expression and protein secretion in adipocytes in
vitro. In contrast, CMKLR1 which mediates effects of chemerin on
adipocytes is not significantly influenced by IL-1ß treatment (data not
shown). Interestingly, IL-1ß is also an inductor of chemerin mRNA
synthesis in murine differentiated BAT in vitro. These results support
the notion that IL-1ß is a principal positive regulator of chemerin
mRNA expression in fat cells in vitro.
The functional significance of chemerin expression in fat has been
better elucidatedmost recently. Thus, targetedknockdownof chemerinby
adenoviral small hairpin RNA leads to impaired differentiation of 3T3-L1
preadipocytes which is accompanied by reduced expression of adipocyte
genes involved in glucose and lipid homeostasis [18]. Furthermore,
evidencehas beenpresented that recombinantmouse chemerin increases
insulin-stimulated tyrosine phosphorylation of IRS-1 and glucose uptake
in 3T3-L1 adipocytes [26]. In contrast to these findings, chemerin
significantly decreases insulin-stimulated glucose transport in differen-
tiated 3T3-L1 adipocytes in our study. Clearly, more work is needed to
better define the physiological significance of chemerin upregulation in
adipose tissue in obesity and T2DM.
We further elucidate in the current study by which signalling
molecules IL-1ß induces chemerin expression. IL-1ß acts through
Fig. 6. Proposed model of intracellular signalling molecule network mediating the effect of IL-1ß on chemerin expression. Abbreviations: AG, AG490; Akt, thymoma viral proto-
oncogene; IκB, nuclear factor κ B inhibitor; IL, interleukin; IL-1R1, IL-1 receptor 1; IL-1R AcP, IL-1 receptor accessory protein; IRAK, IL-1 receptor activated kinase; JAK, Janus kinase;
JNK, c-Jun N-terminal kinase; LY, LY294002; MAPK, mitogen-activated protein kinase; MAPKK, MAP kinase kinase; NFκB, nuclear factor κ B; Part, Parthenolide; PD, PD98059; PI3K,
phosphatidylinositol 3-kinase; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; STAT, signal transducer and activator of transcription;
TRAF, tumor necrosis factor receptor-associated factor.
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initial interactions with IL-1 receptor 1 (IL-1R1) [27,28]. Binding of IL-
1ß to IL-1R1 leads to the recruitment of IL-1 receptor accessory
protein [29] and subsequent stimulation of IL-1 receptor-associated
kinase [30] which interacts with the adaptor protein TNF-receptor-
associated factor 6 [31]. This complex activates the downstream
signalling protein NFκB and the MAP kinase pathway [31,32]. We
show that pharmacological inhibition of NFκB by parthenolide
significantly and completely reverses IL-1ß-induced chemerin expres-
sion but also downregulates basal chemerin synthesis. These data
support NFκB as a principal positive mediator of chemerin gene
expression. Furthermore, IL-1β-mediated upregulation of chemerin
mRNA expression is significantly reversed by the p44/42 MAP kinase
inhibitor PD98059. In addition to NFκB and p44/42 MAP kinase, IL-1ß
activates signalling molecules including Jak2 [33] and PI 3-kinase [34].
Since pharmacological inhibition of Jak2 by AG490 and PI 3-kinase by
LY294002 reverses induction of chemerin gene expression, these
molecules appear to also mediate some of the positive effect of IL-1ß.
Fig. 6 summarizes the proposed intracellular signalling molecule
network mediating the effect of IL-1ß on chemerin expression based
on the results of our study. It needs to be determined in future studies
whether NFκB, p44/42 MAP kinase, PI 3-kinase, and Jak2 act
independently or rather sequentially as part of a larger signalling
cascade.
Taken together, we show for the first time that chemerin mRNA
and protein expression is upregulated in fat cells by IL-1ß. Chemerin
might modulate the effects of IL-1ß on adipocyte metabolism and
insulin sensitivity.
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Adipositas und ihre Folgeerkrankungen stellen eine wachsende medizinische und gesund-
heitspolitische Herausforderung globalen Ausmaßes dar. Im Rahmen der wissenschaftlichen
Erforschung der zugrundeliegenden Ursachen und Mechanismen einer übermäßigen Fettge-
websakkumulation wurde das Fettgewebe als hochaktives endokrines Organ etabliert. Adi-
pozyten und das sie umgebende Stroma sind dabei nicht nur zahlreichen Regulationsvorgän-
gen unterworfen, sondern sezernieren selbst eine Vielzahl von Mediatoren, die sogenannten
Adipokine, die sowohl parakrine als auch endokrine Wirkung entfalten. Die Hyperplasie
und Hypertrophie von Adipozyten bei Adipositas führen zu einem Zustand subklinischer
chronischer Entzündung im Fettgewebe. Es kommt zur Einwanderung von Entzündungszel-
len und Freisetzung von Entzündungsmediatoren wie tumor necrosis factor (TNF)-α oder
Interleukin (IL)-6, welche das Fettgewebe in seiner metabolischen und endokrinen Funktion
beeinflussen.
Die vorliegende Arbeit setzt sich mit einem weiteren wichtigen Entzündungsmediator, dem
Zytokin IL-1 beta (IL-1β), auseinander, welches hauptsächlich von Zellen des mononukleären
Phagozytose-Systems, aber auch von Adipozyten sezerniert wird und unter anderem für die
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Erhöhung der Körperkerntemperatur im Rahmen systemischer Entzündungen verantwort-
lich ist. Die Auswirkungen erhöhter IL-1β-Konzentrationen auf die Sekretion von Adipo-
kinen durch das Fettgewebe sind bisher unzureichend untersucht. Die vorliegende Arbeit
befasst sich mit dem Einfluss von IL-1β auf die Sekretion der vier Adipokine tissue inhibitor
of metalloproteinase (TIMP)-1, serum amyloid A (SAA)-3, Chemerin und Lipocalin-2 aus
Adipozyten. Diese vier Adipokine stellen proinflammatorische Zytokine dar, die potentiell
zur Aufrechterhaltung der Fettgewebsentzündung und zur Ausbildung von Folgeerkrankun-
gen der Adipositas beitragen.
Der Einfluss von IL-1β auf die Expression und Sekretion von TIMP-1, SAA-3, Chemerin
und Lipocalin-2 wurde in vitro in 3T3-L1 Adipozyten und, im Falle von SAA-3, Lipocalin-
1 und Chemerin auch an braunen Adipozyten untersucht. Mittels cDNA-Umschreibung
und quantitative real-time reverse-transcription polymerase-chain-reaction wurde die mRNA-
Expression der Adipokine ermittelt. Für den Proteinnachweis von Lipocalin-2 im Zellkultur-
überstand und SAA-3 in den 3T3-L1 Adipozyten wurde Western Blotting verwandt. Für den
Nachweis von Chemerin und TIMP-1 im Zellkulturüberstand diente jeweils ein spezifischer
enzyme-linked-immunosorbent-assay. Die Stimulation mit IL-1β in Anwesenheit spezifischer
pharmakologischer Inhibitoren erbrachte Aufschluss über von IL-1β genutzte intrazelluläre
Signalwege. Für alle vier proinflammatorischen Adipokine konnte eine signifikante Erhöhung
der mRNA-Expression und Proteinsekretion aus Adipozyten als Antwort auf eine IL-1β-
Stimulation nachgewiesen werden.
Die TIMP-1-Proteinsekretion wurde durch IL-1β dosisanhängig um bis zu 3,5-fach im Ver-
gleich zu unbehandelten Zellen gesteigert (Weise et al., J Endocrinology, 2008). Diese maxi-
male Stimulation erfolgte bei einer IL-1β-Konzentration von 0,67 ng/ml. Auch die mRNA-
Expression wurde durch IL-1β erhöht. Eine 2,5-fache Steigerung konnte bereits bei einer
IL-1β-Konzentration von 0,02 ng/ml detektiert werden, eine maximale Erhöhung auf das
8,1-fache der Basis-mRNA-Expression fand sich bei 20 ng/ml. Zeitreihen-Experimente deck-
ten auf, dass das Maximum an TIMP-1-mRNA-Expression nach 8 h Stimulation mit IL-1β
zu finden war. Inhibitor-Studien legten eine Beteiligung von janus kinase (Jak)-2 bei der
IL-1β-mediierten Stimulation nahe. SAA-3 zeigte ebenfalls eine robuste Expressionsstei-
gerung auf mRNA- und Proteinebene mit einem Maximum nach 24 h (Sommer et al., J
Cell Biochem, 2008). Dabei zeigte sich in 3T3-L1 Adipozyten bereits eine signifikante 2,9-
fache mRNA-Expressionerhöhung nach 1 h. In braunen Adipozyten war die Antwort auf die
IL-1β-Exposition mit einer Erhöhung der mRNA-Konzentration auf das 14-fache nach 1 h
und das 500-fache nach 24 h im Vergleich zu unstimulierten Zellen deutlich ausgeprägter
als bei den 3T3-L1-Adipozyten, die nach 24 h eine 10,4-fache Steigerung boten. Die Vor-
behandlung mit Signalinhibitoren erbrachte Hinweise für eine Mitbeteiligung von nuclear
factor (NK) κB und Jak-2 bei der intrazellulären Weiterleitung des IL-1β-Signals. Auch
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Lipocalin-2 wurde durch IL-1β dosis- und zeitabhängig stimuliert (Sommer et al., J Cell
Biochem, 2009). Bereits nach 2 h konnte eine 23-fache Erhöhung der Lipocalin-2 mRNA-
Spiegels in 3T3-L1-Adipozyten festgestellt werden. Nach 24 h war die 1500-fache Menge an
mRNA im Vergleich zu unbehandelten Kontrollzellen vorhanden. In brauen Adipozyten fiel
die Expressionsteigerung mit 153-fach nach 24 h geringer aus. Nach 16 h erbrachte bereits
eine IL-1β-Konzentration von 0,02 ng/ml eine Expressionsanhebung von Lipocalin-2mRNA
auf das 27-fache im Vergleich zu Kontrollen. Eine maximale Steigerung auf das 193-fache
konnte mit einer IL-1β-Konzentration von 6,67 ng/ml beobachtet werden. Nach 24h IL-1β-
Behandlung zeigte sich eine signifikante Induktion von Lipocalin-2 Protein. Wie bereits im
Falle von SAA-3 ergaben Inhibitorstudien Hinweise für eine maßgebliche Rolle von NFκB
und Jak-2 bei der Übermittlung des IL-1β-Signals in Bezug auf die Lipocalin-2-Expression.
Chemerin wurde durch IL-1β in geringerem Maße als die vorangegangenen Adipokine sti-
muliert (Kralisch et al., Reg Pep, 2009). So erhöhte sich die Chemerin Proteinsekretion aus
3T3-L1 Adipozyten um das 1,3-fache. Auch die mRNA-Expression steigerte sich auf das 1,5-
fache des Kontrollwertes bei einer IL-1β-Konzentration von bereits 0,07 ng/ml und weiter auf
das 2,6-fache bei einer IL-1β-Konzentration von 2 ng/ml. Während IL-1β in 3T3-L1 Adipo-
zyten nach 8 h eine maximale Chemerin-Expression erzielte, konnte in braunen Adipozyten
bereits nach 1 h eine maximale 2,4-fache Expressionsteigerung erreicht werden. Inhibitorstu-
dien ergaben Hinweise für eine Transduktion des IL-1β-Signals über mehrere Signalmoleküle.
So konnte die Blockade sowohl von NFκB, Jak-2, Phosphatidylinositol-3-Kinase als auch von
p44/42 mitogen-activated protein kinase die IL-1β-mediierte Stimulation hemmen.
Die in dieser Arbeit nachgewiesenen Expressions- und Sekretionssteigerungen von TIMP-1,
SAA-3, Lipocalin-2 und Chemerin in braunen und weißen Adipozyten festigen IL-1β als einen
entscheidenden Mediator proinflammatorischer Prozesse im Fettgewebe. Das IL-1β-Signal
nutzt dafür mehrere bereits bekannte für das einzelne Adipokin aber spezifische intrazellulä-
re Signalwege. Die Induktion dieser vier proinflammatorischen Adipokine durch IL-1β könnte
eine Rolle bei Adipositas-assozierten Entzündungsprozessen und Komplikationen spielen. Ei-
ne abschließende Beurteilung der Rolle von IL-1β im Fettgewebe, insbesondere im Zustand
der Adipositas, kann durch Zellkulturexperimente nicht hinreichend erfolgen. Nur die Einbe-
ziehung von in vivo Modellen kann die physiologische und pathophysiologische Relevanz des
Zytokins IL-1β im komplexen Verband des Fettgewebes mit seinen Wechselwirkungen mit
anderen Geweben bewerten. Dies bleibt Aufgabe zukünftiger wissenschaftlicher Tätigkeit.
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